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Abstract

From May 2010 to September 2010, researchers of the US Army Engineer
Research and Development Center and Mississippi State University
evaluated the performance of different warm-mix asphalt (WMA) mixtures
for their use for airfield pavements. The performance of mixtures produced
using different WMA technologies was compared to the performance of the
same mixtures produced at hot-mix asphalt (HMA) temperatures. Studied
were permanent deformation, durability, non-load associated cracking,
moisture damage, and workability.

Evaluated were Evotherm™ 3G, Sasobit®), and foamed asphalt. Two
aggregates, crushed chert gravel and crushed limestone, were used. The
base binder was PG 67-22 from a single refinery. Three reclaimed asphalt
pavement (RAP) contents were used (0, 25, and 50%) to study the
incorporation of higher percentages of RAP in WMA than allowed in
HMA.

Results indicated WMA is a viable product for airfield pavement surface
mixtures. However, rutting from traffic and moisture-damage susceptibility
must be addressed. Adding RAP to the mix could help, but also could reduce
low-temperature performance and durability. Findings suggest WMA with
RAP is less susceptible to low-temperature performance problems than
HMA with RAP. However, it’s not possible to translate the lab results for
durability or workability to field performance.

Two engineering technical letters (ETLs) and a guide specification were
developed from this study. The first, ETL 11-3, was published in August
2011 and provides general information and guidance. The second ETL and
the guide specification, both under review, provide more specific guidance
on design and construction of airfield pavements using WMA.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1

Introduction

Background

In recent years, the asphalt industry has taken steps to reduce emissions
during production and placement of hot-mix asphalt (HMA) by developing
and using warm-mix asphalt (WMA). The amount of WMA being used in
the United States has quickly increased from the first small test sections
placed in 2004 to the point that some state DOTs now allow the use of
WMA on projects where HMA is specified (as long as it does not cost more
than the bid for HMA.) Many in the industry believe that in very few years,
most asphalt mixture produced in the United States will be some form of
WMA. However, as WMA continues to be used, much more research is
needed to ensure that performance and cost are optimized.

WMA is produced using one of a group of technologies that allow the
production and placement temperatures of asphalt mixes to be reduced.
These technologies reduce the viscosity of the asphalt and provide complete
aggregate coating at temperatures 35 to 100°F lower than typical HMA
(Anderson et al. 2008). The reduction in temperatures and improved
workability for production and placement of asphalt mixtures provide a
number of potential benefits related to sustainable development and
improved working conditions. These benefits include:

e reduced fuel consumption

e reduced plant emissions

e use as a compaction aid for stiff mixes

e improved ability to place asphalt pavement in cool ambient
temperatures while meeting construction quality requirements

e ability to use longer hauling distances without sacrificing workability
during laydown

e ability to incorporate higher percentages of reclaimed asphalt
pavement (RAP) without sacrificing quality (Prowell and Hurley 2007).

Much research work involving WMA technologies has been conducted
among public and private agencies, and numerous trial sections have been
constructed using WMA technologies within the United States (Prowell et
al. 2007; Tao and Mallick 2009; Hearon and Diefenderfer 2008). All the
experience gained through these projects has helped the asphalt industry
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achieve a better understanding of the potential for WMA to be an
alternative to conventional HMA. It has also helped characterize the
behavior of WMA mixes so that the best practices can be identified, and
guidance on the use of these technologies can be developed. The National
Asphalt Pavement Association (NAPA) published a Best Practices manual,
which provides important information on the use of WMA technologies for
asphalt production (Prowell and Hurley 2007). The most recent publication
on WMA was the Mix Design Practices from a research project sponsored
by the National Cooperative Highway Research Program (NCHRP)
(Bonaquist 2011). This publication includes a draft appendix to AASHTO R
35 that provides guidance on special considerations for WMA mix design.
Also, some states, including Texas, Virginia, and Florida, have developed
guide specifications on the use of WMA for highway construction.

Only a small amount of WMA has been used on airfield pavements (Su et al.
2009). One of the reasons contributing to its limited use is the lack of
guidance available for using WMA for airfield construction. A small number
of airfield projects have been constructed using WMA, and these have used
state department of transportation (DOT) specifications as guidance. Most
of the airfield work has been at Logan International Airport in Boston,
Massachusetts, which was the first airport in the United States to use WMA.
No issues related to poor performance of these airfield projects have been
reported so far. The need for guidance on the use of WMA on airfields has
increased in the past few years as state DOTSs are quickly adopting WMA. In
some states it is very likely that WMA technology will be required on all
projects in the near future, resulting in the DOD having to use WMA on
airfield pavements when paving within those states.

The US Army Engineer Research and Development Center (ERDC) was
funded by the US Air Force Civil Engineer Support Agency (AFCESA) to
conduct an evaluation of WMA technologies and to develop guide specifi-
cations and a US Air Force Engineering Technical Letter (ETL) to provide
guidance on using WMA for military airfield pavements. It is expected that
the implementation of this guidance will stimulate the use of WMA on
military airfield projects. As more projects are constructed using WMA
within the DOD, more expertise is gained and more information is
available for developing standard practices. The asphalt industry is moving
quickly toward the implementation of these technologies for asphalt
production, and it is anticipated that soon contractors will mostly be
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producing WMA. Hence, it is important for the DOD to prepare for a
potential transition from HMA to WMA.

Reclaimed Asphalt Pavement

Recently, the price of HMA has increased significantly, primarily due to the
increase in cost of asphalt binder. Users are seeking ways to reduce costs of
the asphalt mixtures so that pavements can be properly maintained and
rehabilitated with the available funds. The most promising method to
reduce the cost of asphalt construction is to utilize more reclaimed asphalt
pavement (RAP) in the mixes. Many states have specified a maximum
amount of RAP to be used in HMA, mainly due to concerns over undesired
intrinsic properties of the RAP such as aged binder, poor aggregate quality,
and the lack of a proper mix design procedure for HMA mixes with very
high RAP contents. States that approve the use of RAP in surface courses
generally permit maximum percentages from 10 to 30% RAP. Some states
permit even higher percentages from approved RAP sources, but generally
require testing of the combined asphalt binder properties. Two primary
reasons for this limit on amount of RAP include difficulty in controlling
emissions and difficulty in overall workability of the high RAP mixtures.

Research is needed to evaluate ways to utilize higher RAP contents while
ensuring continued good performance. There has been significant interest
in using WMA technology with mixes containing high RAP content. This
combination has the potential to reduce mixture cost, to reduce emissions,
to improve performance, to reduce the amount of fuel used during the
mixing and placement processes, and to minimize virgin asphalt and
aggregate requirements. WMA technology has been shown to improve
mixture workability, to reduce aging of asphalt binder during construction,
to improve in-place density, and to help to ensure that excessive emissions
do not occur. The possibility that high RAP contents and WMA technology
can be used simultaneously is very encouraging.

Objectives

The specific objectives of this project were:

e to conduct a literature review of WMA technologies for asphalt
production and to use this information to write an ETL to introduce
WMA to the US Air Force
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e to conduct laboratory testing to evaluate the following performance
characteristics of WMA mixes: 1) permanent deformation; 2) durability;
3) non-load associated cracking; 4) moisture damage; and 5) workability

e to evaluate the use of RAP with WMA

e to visit field projects to collect information about current practices and
in-place performance and to use this information to assist in
development of guide specifications for the use of WMA on airfield
pavements

e towrite an ETL and a Unified Facilities Guide Specification (UFGS) to
provide guidance on the use of WMA for airfield pavements using all of
the data and information collected for this project.

Scope

The laboratory component of this project presented in this report
investigated the performance of mixtures used near the pavement surface
with WMA technologies and with high RAP content. The performance
criteria for asphalt mixtures near the surface can be different than that for
mixtures used deeper in the pavement and should be considered when
evaluating alternative approaches. The specific performance characteristics
evaluated in this project were: 1) permanent deformation; 2) durability;

3) non-load associated cracking; 4) moisture damage; and 5) workability.
The investigation was performed in the laboratory on mixtures generally
meeting material and mixture requirements for airfield pavements. One
virgin binder grade, two aggregate types, three warm-mix technologies (in
addition to hot-mix control), one RAP source, and three different RAP
contents were evaluated.

The research team approached this study with the philosophy that complete
blending might not occur between the virgin binder added to the mixes and
the aged asphalt in the RAP, especially at warm-mix temperatures. There-
fore, the focus of the experimental program was on mixture testing and not
on binder testing, though some binder testing was conducted. Also, bottom-
up fatigue cracking was not evaluated experimentally, since it was not
believed to be problematic for the conditions of interest.

Field projects were visited to collect information regarding mix production,
placement and compaction; in-place performance; and any issues related to
the use of WMA. Various contractors were interviewed to collect informa-
tion about the WMA processes and current practices that are used by
different states. The data were used only for preparation of ETLs and UFGS
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guide specifications for WMA as part of the project and are not included in
this report.

All the information collected in this project, including the data from the
laboratory tests and the information collected during the site visits, was
used to develop guidance for the use of WMA on airfield pavements.

Report Organization

This report consists of 5 chapters beginning with an introduction in
Chapter 1. Chapter 2 presents the main findings of the literature review.
Chapter 3 outlines the experimental program. Results and data analysis
are provided in Chapter 4. Finally, Chapter 5 presents conclusions and
recommendations from the work. Appendix A contains the raw laboratory
test data.
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2 Literature Review

Warm-Mix Asphalt Technologies

At the time of this writing there are at least 30 available technologies
and/or processes for producing warm-mix asphalt (NAPA 2011). Table 1
lists the current available technologies in the United States. WMA
technologies can be classified into three main groups: those using water
for foaming, those using a chemical additive or surfactant, and those using
some type of organic additive or wax.

Foaming Processes

The processes that introduce water to the hot asphalt rely on the fact that
when the water is dispersed in hot mix, it steams, resulting in an expansion
of the binder phase and corresponding reduction in the mix viscosity.
Foamed asphalt can be produced in three different ways: mechanical
injection of water at the plant, adding a material containing internal water,
such as zeolites, and using a two-stage process. Once the water is added to
the hot asphalt binder, it expands from the conversion of liquid to
gas/steam. The small bubbles generated act to reduce the viscosity of the
asphalt binder coating on the rock, thereby allowing the mix to be handled
and worked at lower temperatures.

Mechanical foaming systems require the installation of a foaming manifold
over the existing asphalt injection system on the mixing drum of the plant
and installation of corresponding asphalt binder and water feed lines into
the manifold. In the process, a small amount of water is introduced through
the nozzles, causing the asphalt binder to expand (Prowell and Hurley
2007).

Zeolites are crystalline-hydrated aluminum silicates that are typically sold
in granular form with approximately a No. 50 mesh size and contain
approximately 20% water by weight. The water is released from the zeolite
when heated to 100 °C (212 °F) (Anderson et al. 2008). When water is
released in an HMA, it foams the asphalt. The zeolite can be introduced
into the asphalt plant by various methods. On a batch plant, it can be
manually added directly into the pug mill or automatically using a weight
bucket. On a drum plant, the zeolite could be added through the reclaimed
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Table 1. WMA processes available in the United States. (adapted from Bonaquist, 2011).

Name Process/Additive Company
Accu-Shear Dual Warm Mix Foaming system Stansteel
Additive System

Adesco/Madsen Static Inline Foaming system Adesco/Madsen

Vortex Mixer

Advera Zeolite PQ Corporation

AQUABLACK Foaming system Maxam Equipment Company, Inc.
AquaFoam Foaming system Reliable Asphalt Products
Asphaltan -B Montan wax Romonta

Aspha-min Zeolite Eurovia

BituTech PER

Chemical additive

Engineered Additives LLC

Cecabase RT

Chemical additive

Arkema Group

Double Barrel Green

Foaming system

Astec, Inc.

ECOBIT Unspecified Additive/Process All States Materials Group
Eco-Foam Il Unspecified Additive/Process AESCO/Madsen
Evotherm ET Emulsion MeadWestvaco
Evotherm DAT Chemical Additive MeadWestvaco
Evotherm 3G Chemical Additive MeadWestvaco

Green Machine

Foaming system

Gencor Industries

HGrant Warm Mix System

Unspecified Additive/Process

Herman Grant Company

LEA-CO

Unspecified Additive/Process

Advanced Concepts Engineering Co

Licomont BS-100

Fatty acid derivative

Clariant

Low Emission Asphalt

Sequential coating using wet fine
aggregate

McConnaughay Technologies

Meeker Warm Mix Asphalt
System

Foaming system

Meeker Equipment

Qualitherm Chemical additive Iterchimica
Rediset WMX Chemical additive Akzo Nobel
Sasobit Fischer Tropsch wax Sasobit

SonneWarmix

Wax

Sonneborn Products

Terex Warm Mix Asphalt

Foaming system

Terex Roadbuilding

Thipoave

Sulfur

Shell

TLA-X

Trinidad Lake Asphalt plus modifiers

Lake Asphalt of Trinidad and Tobago

Tri-Mix Warm Mix Injection

Foaming system

Tarmac Inc.

Ultrafoam GX

Foaming system

Gencor Industries, Inc.

WAM Foam

Soft binder followed by hard foamed
binder

Kolo Veidekke, Shell Bitumen
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asphalt pavement (RAP) collar or by using a specially built calibrated vane
feeder to control the quantity of material pneumatically blown into the
drum (Prowell and Hurley 2007).

The two-stage process consists of a two-stage addition of the asphalt binder.
In the first stage, the aggregate is coated with a very soft binder (flux) that
controls the minimum mixing and compaction temperatures for the
mixture. In the second stage, a harder binder is added with the addition of a
very small amount of water. The water foams the hard asphalt, allowing the
expanded binder to coat the aggregate. This technology requires storage for
the two different binder grades as well as two heated asphalt lines into the
mixing chamber.

Organic Additives or Waxes

Organic additives such as wax cause a decrease in the asphalt binder’s
viscosity when heated above the melting point, allowing mixing and coating.
The increased workability at mixing and compaction temperatures acts to
improve compactability. These additives can be incorporated at the asphalt
terminal or in the contractor’s tank by circulation without requiring high-
shear blending. Other organic additives are referred to as “intelligent
fillers,” as they provide improved flow at mixing and compaction tempera-
tures and added stiffness at temperatures below the melting point.

One of the most commonly used waxes in the United States and around
the world is Sasobit®. Sasobit® is an organic, hydrocarbon-based wax
produced by the Fischer-Tropsch process (SasolWax 2004). Manufactured
by Sasol Wax GmbH, it has been used in Europe for a number of years and
has performed well in service (D’Angelo et al. 2008). Above its melting
point of 100 °C (212 °F), Sasobit® reduces the measured asphalt viscosity
that permits reduction of the mix temperature and promotes asphalt
mixing and compaction. Below its melting point, Sasobit® solidifies into a
lattice structure that stiffens the asphalt binder (SasolWax 2004; Mallick
et al. 2008). The reduction in mix temperature with Sasobit® is thought
to reduce binder aging, which will help compensate for its stiffening effects
(Hurley and Prowell 2005).

Chemical Additives or Surfactants

Chemical additives are used to produce WMA by reducing the binder’s
viscosity. These additives can be injected at the mixing plant or asphalt
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terminal and can achieve lower production temperatures than foaming
processes. In addition, it is thought that some of the additives can reduce
mixture stripping.

Evotherm™ 3G is one of the most commonly used chemical additives for
warm-mix asphalt production. It is a proprietary formula liquid asphalt
additive designed to improve coating, mixing, workability, and compaction
of asphalt mixtures (MeadWestvaco 2011)

WMA Projects

The first trial section of WMA in the United States was placed in February
2004 (Brown 2010). Since then, millions of tons of WMA have been
placed. Several states, including Texas, Alabama, and Indiana, have
approved the use of WMA on state roads and use it as a standard process.
Furthermore, some states allow the use of WMA on any project that was
bid for HMA. However, the use of WMA for airfield paving has been
limited. Paving trials have been reported at Ted Stevens Anchorage
International Airport and Elmendorf AFB, Alaska.

In 2008, Boston’s Logan International Airport was the first airport in the
United States to use WMA on runway rehabilitation when 26,000 tons of
WMA were paved on Runway 4R/22L. Good performance and energy
savings were accomplished with this project. Therefore, in 2009, a larger
project (55,000 tons) was constructed at Logan International Airport for
rehabilitation of Runway 9-27, where the ease of WMA compaction was
demonstrated along with reduced emissions and energy savings (Lisican,
2010). WMA was also used in the extension of Taxiway Delta at Logan
(40,000 tons). These projects used Sasobit technology and also
incorporated from 15 to 20% RAP.

In addition, user agencies and producers in various states are working
together to conduct research to evaluate WMA technologies. Individual
state trial projects and national research projects (National Cooperative
Highway Research Program [NCHRP] 9-43, 9-47, 9-49) have been carried
out to address WMA mix design, performance testing, moisture
susceptibility, production, construction, and field performance (TRB 2011b;
Bonaquist 2011). Also, the National Asphalt Pavement Association (NAPA),
FHWA, the American Association of State Highway and Transportation
Officials (AASHTO), and researchers formed a national technical working
group to evaluate the performance of WMA technologies, quantify
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environmental benefits, develop performance specifications, provide
technical guidance, and disseminate information.

RAP in HMA

Some research studies have indicated that the performance of mixes
containing RAP is equal to and in some cases better than that of conven-
tional mixes (Brown 1984; Meyers et al. 1983; and Kandhal et al. 1995). The
properties of recycled mixes are mainly influenced by the properties of the
aged RAP binder and the amount of RAP in the mix. The amount of RAP
used in a mix depends on the type of plant used for preparing the mix and
also on environmental considerations (Kandhal et al. 1995). Several studies
have been dedicated to evaluating performance characteristics of recycled
asphalt mixes. Generally, the studies focus on determining the effect of RAP
content on mixing efficiency, permanent deformation, non-load associated
cracking, and moisture damage. Huang et al. (2005) analyzed the blending
process of RAP with virgin mixture. The study considered three different
RAP contents: 10, 20, and 30%. Results from this study indicated that,
regardless of the RAP content, mechanical blending affected only a small
portion of aged asphalt binder in RAP. Only a small portion of aged asphalt
in the RAP actually participated in the remixing process. Other portions
formed a stiff coating around RAP aggregates, where the RAP acted as a
“composite black rock” that is desirable to improve the performance of the
hot-mix asphalt mixture.

Very few studies have addressed the use of high RAP mixes for surface layer
mixes, and this has been found to be unacceptable for HMA. High RAP
mixes are mainly used for base or subbase pavement layers. In these cases,
rejuvenators, modifiers, or softer virgin binders are used to counteract the
stiffening of the mix with the addition of the RAP material. Ozer et al.
(2009) conducted a study to evaluate the RAP binder contribution to the
mix stiffening by testing mixes with different RAP contents (0, 20, and
40%) and measuring the mixes’ complex moduli and fracture energy. Their
results showed that up to 20% RAP content does not affect the end mix, but
40% RAP content causes a significant increase in complex moduli compared
to 0 and 20% RAP mixes. They concluded that using softer virgin binders
allowed for the mixes to offset the increase in stiffness due to the presence
of 40% RAP in the HMA.
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Mixture Performance
Permanent Deformation

Prowell et al. (2007) showed that warm-mix asphalt placed on the
National Center for Asphalt Technology (NCAT) test track provided good
resistance to rutting when subjected to high levels of truck traffic. Other
studies (Tao and Mallick 2009; You and Goh 2008; Su et al. 2009;
Kanitpong et al. 2008) have shown that WMA is more susceptible to
rutting in laboratory tests than HMA is. The lower mixing temperature for
these WMAs is likely one of the causes of the higher laboratory rutting
with respect to HMA, because the binder is less susceptible to
volatilization and oxidation at lower temperatures.

Gui-ping and Wing-gun (2006) evaluated the effect of RAP on the
permanent deformation of foamed asphalt mixes by using the dynamic
creep test. They found that increasing the RAP content helps to reduce
permanent deformation. There have been many other studies that show
adding RAP reduces the susceptibility to rutting due to the stiffening effect
of the aged binder in the RAP.

Low-Temperature Cracking

Low-temperature cracking of asphalt pavements is a widespread and
costly problem over much of the United States and Canada (Haas and
Phang 1988). The combined effects of temperature and properties of the
bituminous component have been identified as the primary factors for
low-temperature cracking (Hass and Phang 1988; Roque et al. 1995; Kim
and El Hussein 1995). Specifically the temperature-stiffness relationship
of the asphalt binder has been identified as the most important factor
(Jung and Vinson 1993).

Low-temperature cracking does not seem to be a concern for WMA mixes.
The lower mixing temperature is thought to minimize any change in the
low-temperature grade of the binder. On the other hand, mixes containing
high RAP percentages (above 40%) have been shown to be stiff and more
susceptible to low-temperature cracking (Ozer et al. 2009; Li et al. 2008).
The interaction of these two effects in high RAP-WMA mixes has not been
extensively investigated. Based on past observations it is hypothesized that
the blended binder may age slower than that for a new binder, since the
RAP binder has already aged and is not expected to change much in the
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future. Therefore, the amount of future thermal cracking may be reduced
for high RAP-WMA, since the binder is close to the original grade and may
not be expected to age at the same rate or as much as a virgin binder.

Several methods are available to evaluate the effect of binder properties on
the resistance of low-temperature cracking (Vinson et al. 1989). Zofka et al.
(2004) conducted an investigation to determine the possibility of obtaining
the RAP binder properties required for use with blending charts by using a
relatively simple test performed directly on the RAP mixture. The objectives
were to find a test that would avoid the use of the extraction and recovery
and the use of very expensive mixture testing. They proposed a new method
which consists of obtaining mixture stiffness by performing bending beam
rheometer (BBR) tests on beams of asphalt mixture cut from laboratory-
prepared cylindrical specimens. Based on the stiffness of the mixture
determined with the BBR, the stiffness of the asphalt binder component is
then back-calculated using the Hirsch Model, which is based on the theory
of composite materials. The method appeared to be promising and,
compared to the traditional indirect tensile test method, this method is
simpler, less expensive and requires less equipment to take measurements
(i.e., there is no need for extensometers placed on the test specimens). This
method also uses smaller samples that can be utilized in studying aging
effects across the depth of the asphalt layers.

Durability Test

The Cantabro durability test has been used as a screening tool for Porous
Friction Course (PFC), also known as Open-Graded Friction Course
(OGFC), asphalt mixtures. It has been used as a relative measure of
potential for raveling and durability problems in OGFC and PFC but has not
been widely used for conventional dense-graded asphalt mixtures (Doyle
and Howard 2011a; Watson et al. 2003). For un-aged OGFC mixture
specimens, a maximum aggregate loss of 20% has been recommended
(Watson et al. 2004). Several researchers have found the Cantabro test to be
sensitive to changes in binder properties, especially between neat and
polymer-modified binders (Watson et al. 2004; Alvarez et al. 2008; Kraus
2008).

Moisture Susceptibility

Some laboratory studies have shown that WMA has higher moisture
sensitivity than typical HMA (Kanitpong et al. 2008; Su et al. 2009). One
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concern is that the lower mixing and compaction temperatures of WMA
can result in incomplete drying of the aggregate leaving trapped moisture
that may cause damage. These lower mixing temperatures can also result
in less hardening of the asphalt, thus reducing adhesion to the aggregate
particles. Xiao et al. (2009) conducted a laboratory study to examine
WMA moisture damage with moist aggregates. The study included two
moisture content percentages (0% and 0.5% by dry aggregate mass), two
WMA additives (Asphamin and Sasobit®), and three aggregate sources.
Test results indicated that the use of WMA additives did not significantly
alter the dry, indirect tensile strength and toughness values. It was also
reported that the deformation resistance and Tensile Strength Ratio (TSR)
values decreased with the increase in aggregate moisture content.

Prowell et al. (2007) evaluated moisture susceptibility of three WMA
mixtures using indirect tensile strength based on ASTM D4867 and the
Hamburg wheel-tracking device. Results indicated that Asphamin
decreased the TSR to below 0.8. Sasobit® and Evotherm TSR results
depended on aggregate type. Sasobit® increased TSR for limestone
aggregates and decreased TSR for granite aggregates, while Evotherm
increased the TSR for granite and decreased TSR for limestone.

Kvasnak et al. (2009) evaluated the moisture susceptibility of laboratory-
and plant-produced WMA mixes as part of a field demonstration project in
Alabama. Results indicated that the laboratory-produced WMA was more
susceptible to moisture damage than the plant-produced mix. The HMA
exhibited more favorable TSR values than the WMA; however, most of the
WMA specimens met Superpave moisture susceptibility criteria.

Recently, Kvasnak et al. (2010) compared the performance of mixes
produced using the Gencor Green Machine Ultrafoam GX to a control HMA
with regard to moisture susceptibility, permanent deformation, and fatigue
cracking. Both mixes were prepared at the same production facility using
the same aggregate gradation, liquid asphalt, and asphalt content. It was
reported that the WMA mixtures had lower TSR values and, hence, might
be more susceptible to moisture damage than HMA mixtures. However, it
was suggested that the resistance of WMA mixtures to moisture could be
increased, if desired, by using anti-strip agents.

Li et al. (2004) evaluated the moisture susceptibility of RAP mixes. The
study investigated the effect of RAP type and percentage on asphalt
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mixture properties. Three RAP percentages (0, 20, and 40%) were used.
Results indicated an increase in tensile strength and a decrease in TSR as
the RAP percentage increased.

Zaniewski and Viswanathan (2006) reported on use of the AASHTO T

283 test method for three mixtures of known good field performance. The
16-hour loose mix aging at 60 °C required by the test method was included
as part of the specimen preparation method; conditioning by vacuum
saturation alone and by one freeze-thaw cycle in addition to vacuum
saturation was evaluated. Results indicated that test method was not
sensitive to saturation level or to inclusion of a freeze-thaw cycle as part of
the conditioning protocol. The TSR results indicated that all three mixtures
were moisture sensitive, leading the authors to conclude that “TSR is not a
reliable indicator of field performance” for the mixtures tested.

Azari (2010) conducted wet HLWT at 50 C and TSR testing of two mixtures
of general low- and high-moisture susceptibility and observed that HLWT
results were more consistent with observed field performance of the
mixtures. The TSR results predicted that both mixes were acceptable with
regards to moisture susceptibility. Precision estimates for AASHTO T 283
were produced based on the work done by Azari (2010). Single operator
precision for TSAR was found to be 0.093 and multilaboratory precision
was determined to be 0.247 (TRB 2011a). This is problematic since the
allowable multilaboratory precision is essentially the same as the range of
acceptable TSR values for military specifications of greater than o.75.

Workability

One purported benefit of warm-mix asphalt is the increased workability at
lower (and at conventional) compaction temperatures. Workability can be
defined from a field perspective as the asphalt mixture property that
describes the ease with which the asphalt mixture can be placed, worked
by hand, and compacted to the desired density (Bennert et al. 2010).

Several methods have been developed to study the workability of asphalt
mixes, including gyratory compactors equipped with devices that measure
the force required to apply the gyratory compaction angle and devices that
measure the torque required to move a blade or paddle through a loose
mixture sample. Gudimettla et al. (2003) developed a prototype workability
device at the NCAT that functioned by measuring the torque required to
rotate a paddle submerged in a bucket of asphalt mixture at 15 revolutions
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per minute (RPM). Data were collected for a range of temperatures as the
mixtures sample was allowed to cool. A laboratory experiment conducted
with the device for a variety of mixtures showed that the device was
sensitive to aggregate type, binder type, and temperature.

Recently, Bennert et al. (2010) evaluated various methods to quantify
workability for WMA. Of the six methods investigated (three binder and
three mixture), the most rational rankings of data were obtained by binder
lubricity testing, and workability measurements with a device similar to
the NCAT Prototype device and air voids of specimens compacted with the
Marshall hammer. Austerman et al. (2009) evaluated workability of WMA
containing 10 to 25% RAP and observed improved workability with respect
to HMA. Other researchers (Mallick et al. 2007; Tao and Mallick 2009)
have evaluated workability of 100% RAP mixtures with WMA additives for
in-place recycling applications and found improved workability relative to
mixtures without the WMA additives.
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3 Experimental Program

An experimental program was developed to investigate performance issues
related to WMA mixtures; in addition, the use of high-RAP contents was
evaluated. The five performance characteristics evaluated in this study
were: 1) permanent deformation; 2) durability; 3) non-load associated
cracking; 4) moisture damage; and 5) workability. Permanent deformation,
durability, and non-load associated cracking tests were conducted at the
Asphalt Laboratory of the Civil and Environmental Engineering Depart-
ment of Mississippi State University. Moisture damage and workability tests
were conducted at the Materials Test Center (MTC) of the ERDC. The
following sections describe the experimental design, materials, and test
methods in this study.

Experimental Design

For this study a full factorial experimental design was conducted that
encompassed factors of asphalt mixture type (4 levels), aggregate type

(2 levels), and RAP content (3 levels) for a total of 24 asphalt mixtures as
shown in Table 2. The mixtures are identified throughout this report by the
numbers 1 to 24. The four asphalt mixtures types investigated were
conventional HMA used as a control, WMA produced with Sasobit®, WMA
produced with Evotherm™ 3G, and WMA produced with foamed asphalt.
The aggregate types were limestone and crushed chert gravel. Three levels
of RAP content were evaluated: 0% RAP as currently required for airfield
surface mixtures; 25% RAP, which is allowed for shoulders and non-surface
pavement layers of airfields (USACE 2010); and 50% RAP. Although 50%
RAP is higher than currently allowed, it was included to evaluate the
potential for WMA technologies to permit high RAP contents.

Mixture tests were selected for each performance category evaluated.
Permanent deformation (rutting) was evaluated with the Asphalt Pavement
Analyzer (APA). Durability was evaluated with the Cantabro test. Non-load
associated cracking (thermal cracking) was evaluated using the BBR
mixture test. Susceptibility to moisture damage was evaluated with the TSR
test. The effects of varying mixing and compacttion temperatures on
moisture susceptibility were also investigated using the TSR test.
Workability was assessed with the NCAT Workability Device. Table 3
summarizes the testing conducted for HMA and WMA mixtures.
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Table 2. Experimental design and mixture identification.

Mixture Type and Identification Number
Aggregate | RAP Aggregate WMA- WMA- WMA-
Type Content | Blend HMA Sasobit® Evotherm™ | Foam
Limestone | 0% LS-1 1 2 3 4
25% LS-2 5 6 7 8
50% LS-3 9 10 11 12
Crushed | 0% GR-1 13 14 15 16
Gravel o594  |GR2 17 18 19 20
50% GR-3 21 22 23 24

Note: LS means limestone and GR means gravel; they indicate what the majority of the virgin
aggregate in the gradation consisted of.

Table 3. Mixture production temperatures and testing replication.

Mixture Testing Production Temperature Mix / Compact (°C) and Replication
Type Category 160/ 146 146/ 132 130/ 116
HMA APA 3
Cantabro 3
BBR-06 C 2
BBR-12 C 2
TSR 1a
Workability® |2
WMA APA
Cantabro
BBR-06 C
BBR-12 C
TSR 1a 1a 1a
Workability® | — 2

Note: Dashes indicate combinations that were not tested.

a) One TSR replicate represents three dry specimens and three conditioned specimens.

b) Workability testing conducted on limestone mixtures only (mixtures 1 to 12).

Materials

Aggregate Blends

Figure 1 provides the six gradations used in the study, and Table 4 provides

the types and percentages of the aggregates used. All gradations had a

nominal maximum aggregate size (NMAS) of 12.5 mm. The gradations were
designed to meet the Unified Facilities Guide Specification UFGS-32 12 15



ERDC/GSL TR-12-3

18

Figure 1. Gradations of aggregate blends tested.
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Table 4. Properties of aggregate blends tested.
Component Aggregate Blend?
Percentages LS-1 LS-2 LS-3 GR-1 GR-2 GR-3
RAP 25 50 25 50
Limestone 100 75 50 8 6 5
Gravel 81 63 44
Sand 10 5
Hydrated Lime 1 1 1
Combined Aggregate Properties
Gsb® 2.692 2.643 2.603 2.419 2.430 2.436
Gsa® 2.774 2.730 2.687 2.612 2.607 2.602
Absorption (%) 1.1 1.2 1.2 3.1 2.8 2.8
CAAd (%) 100 98 97 93 94 95
Coarse Ure (%) 47.3 47.3 47.3 46.2 46.3 46.2
F&Ef (%) 2 2 1 1 1 1

a) LS refers to limestone and GR refers to gravel and they indicate the major virgin aggregate
component of the gradation.

b) Bulk Specific Gravity

c) Apparent Specific Gravity

d) Coarse aggregate angularity (two or more fractured faces) performed according to ASTM D 5821
using the particle count method.

e) Coarse aggregate un-compacted voids content performed according to AASHTO T 326 Method C.

Values are those for virgin aggregate only; insufficient extracted RAP aggregate was available to
perform the test.

f) Flat and elongated particles performed according to ASTM D 4791 using a 5:1 ratio.
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(United States Army Corps of Engineers, 2010) job mix formula (JMF)
requirements for airfields. Slight gradation deviations (e.g., for the GR-1
gradation, the 1.18 mm sieve (#8) was 3% outside the USACE specification)
occurred in a few instances to preserve uniformity between gradations for
performance comparisons while using substantial amounts of RAP.
However, these deviations from the specifications are within acceptable
tolerance limits. Milling of pavements to produce RAP increases the fines
content, which poses difficulty in meeting the specification because the
higher fines content made it more difficult to meet the requirements for
voids in mineral aggregate (VMA).

The three gravel gradations are typical of the types of aggregate blends
used in Mississippi; natural sand and limestone fine aggregate are used in
combination with crushed gravel coarse aggregate to produce desired
gradations. Every effort was made to minimize the amount of non-gravel
virgin aggregate used in blends GR-1 to GR-3. The natural sand used in
blends GR-1 and GR-2 was obtained from the same source as the crushed
gravel. The water absorption of the gravel blends is markedly higher than
for the limestone blends as seen in Table 4. One percent hydrated lime was
added to each gravel blend as anti-strip; no hydrated lime or other anti-
strip was put into the limestone blends as they are not typically associated
with stripping problems. Percentage of fractured faces, un-compacted
voids content of coarse aggregate, and percentage of flat and elongated
particles were estimated for each aggregate blend based on the percentage
of each aggregate in the gradation; the data are presented in Table 4.

RAP Properties

The primary source of RAP is from highway pavements. The RAP source
used for all mixes in this study was obtained from surface milling of an
interstate highway (I-55) in central Mississippi. Figure 2 provides the
extracted RAP aggregate gradation and key properties of the RAP and
extracted aggregate. Properties of the RAP were obtained from three
different laboratories: 1) Mississippi State University (MSU); 2) United
States Army Engineer Research and Development Center (ERDC); and

3) Mississippi DOT Central Materials Laboratory. Asphalt content was
determined at MSU and ERDC according to ASTM D 2172 Method A using
trichloroethylene as the extraction solvent. Asphalt content was determined
at MDOT according to AASHTO T 308 Method A. Gradation analysis of
extracted aggregate was conducted at all three laboratories; properties of
solvent extracted aggregate were tested at ERDC and MSU. Visual
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Figure 2. Physical and gradation properties of RAP.
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examination and categorization of clean extracted aggregate indicated that
approximately 9% by mass of the material retained on the 1.18 mm sieve
consisted of limestone, and the remainder was crushed gravel and natural
sand. The hump in the aggregate gradation shown in Figure 2 is an
indicator that the aggregate contains a significant amount of natural sand.

As part of a different study described in Doyle and Howard (2011b),
experiments have been performed with this RAP source to investigate
whether the RAP would absorb any additional asphalt when recycled into
a high RAP mix design. Based on the results it was concluded that a
negligible amount of additional asphalt is absorbed by the RAP aggregate,
whether asphalt from the RAP or virgin binder added to the RAP. The
values of absorbed asphalt (Pp.) calculated for the RAP appear to be too
high; this is likely due to difficulty in accurately measuring the bulk
specific gravity (Gsp) of the extracted aggregate.

The research team felt that absorbed asphalt within the RAP aggregate
would not contribute to blended properties of the 25 and 50% RAP
mixtures. For determination of the RAP binder grade, an attempt was
made to extract the asphalt surface film from the RAP and to leave the
majority of the absorbed asphalt intact. Three washes of trichloroethylene
solvent were used with a 45-minute soak period for each wash. Roughly
3.6% asphalt was extracted from the RAP using the three-wash procedure;
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as the total asphalt content (AC) was 5.5%, approximately 1.9% asphalt
remained in the RAP. Less than all of the RAP surface asphalt was
extracted using the three-wash procedure. The continuous PG binder
grade of the recovered surface asphalt was estimated to be PG 117.8+1.7;
the high pass/fail temperature was extrapolated from test data at lower
temperatures. This rough estimate of the RAP binder grade is provided as
a point of reference only and is not used for any calculations. The outer
portion of the binder is expected to have aged more than the absorbed
asphalt. Therefore, it is expected that the grade of the recovered asphalt
would have been less if all of the asphalt had been extracted.

Volumetric Properties

Table 5 provides the Superpave designed volumetric properties of the 24
mixtures investigated. In general, both the total and effective asphalt
contents of the mixtures containing limestone virgin aggregate are lower
than those containing gravel aggregate. This is reasonable due to the higher
specific gravity and lower asphalt absorption of the limestone aggregate
relative to the gravel aggregate. For the 25% RAP limestone mixes the ratio
of virgin asphalt to asphalt contributed by the RAP is roughly 75:25. For the
50% RAP limestone mixes the ratio is roughly 55:45. For the gravel mixes
the ratios are roughly 80:20 and 60:40 for the 25% and 50% RAP mixes,
respectively.

For the 50% RAP limestone mixtures note the increase in the effective
asphalt content (Py.) between the hot mix (Mix 9) and the warm mixes
(Mixes 10 to 12). Also note the large reduction in total asphalt content that
occurs in the 0% RAP gravel mixes from the hot mix (Mix 13) to the warm
mixes with additives (Mixes 14 and 15). A portion of this reduction is
thought to be due to reduced absorption of asphalt binder by the gravel
aggregate at lower short-term aging temperatures. It can be seen in

Table 5 that Py, for Mixes 14 and 15 is 0.2% less than for Mix 13. A 0.4%
reduction in Pp. is also seen for Mixes 14 and 15 compared to Mix 13.

For the 50% RAP gravel mixtures, an increase in total and effective asphalt
content is noted in Mixes 22 and 23 compared to Mix 21. This is thought to
be partially due to reduced rejuvenating of the RAP surface asphalt at the
lower temperature compared to the hot mix; additional virgin binder is
therefore required to achieve compaction. For example, the total asphalt
content of Mix 14 is 6.0%, and the total asphalt content of Mix 22 is 7.0%.
The two aggregate gradations are of nearly identical shape, and Mix 22
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Table 5. Volumetric properties of designed mixtures.

Mix AC (%)

No. |Virgine |RAP> [Total |Gmm®  |Gse? Poe | Pef |VMAE | VFAR
1 4.9 0.0 4.9 2545 [2.754 |41 |09 |13.9 [69.3
2 4.9 0.0 4.9 2545 |2.754 |41 |09 |141 |685
3 48 0.0 48 2553 [2.759 |39 |09 |14.0 |65.9
4 5.0 0.0 5.0 2537 |2.749 |43 |08 |140 |721
5 3.9 1.4 5.3 2495 |2.711 |44 |10 |136 |75.3
6 3.9 1.4 5.3 2495 |2.711 |44 |10 |137 |74.8
7 3.9 1.4 5.3 2495 |2.711 |44 |10 |138 |74.2
8 3.9 1.4 5.3 2495 |2.711 |44 |10 |137 |748
9 31 2.8 5.9 2437 |2.665 |50 |09 |156 |731
10 |33 2.8 6.1 2430 |2.665 |52 |09 |165 [70.9
11 |33 2.8 6.1 2430 |2665 |52 |09 |164 |718
12 |33 2.8 6.1 2430 |2.665 |52 |09 |158 |74.8
13 |66 0.0 6.6 2262 |2471 |58 |09 |160 |76.2
14 |6.0 0.0 6.0 2269 |2458 |54 |07 |159 |711
15 |6.0 0.0 6.0 2269 |2458 |54 |07 |161 |70.1
16 |65 0.0 6.5 2261 |2466 |57 |08 |16.0 |75.7
17 |5.2 1.4 6.6 2286 |2501 |55 |12 |157 |74.1
18 |5.0 1.4 6.4 2276 |2480 |56 |09 |157 |75.6
19 |51 1.4 6.5 2273 |2480 |57 |09 |16.0 |75.2
20 (4.9 1.4 6.3 2286 |[2.489 |53 |10 |156 |[725
21 |40 2.8 6.8 2293 |2516 |55 |14 |156 |[75.2
22 |42 2.8 7.0 2286 |[2515 |57 |13 |158 |775
23 |43 2.8 71 2283 |2515 |58 |13 |164 |75.4
24 (3.9 2.8 6.7 2201 |2510 |55 |12 |158 |73.8

Note: Mixtures 1-12 are limestone mixtures and 13-24 are gravel mixtures. All mixtures at 4% air voids
and compacted with 75 gyrations.

a) Virgin binder added to the mix, %

b) RAP asphalt contributed to mix assuming 100% utilization of RAP asphalt, %
¢) Maximum specific gravity

d) Effective specific gravity of aggregate

e) Effective asphalt content, %

f) Absorbed asphalt, %

g) Voids in the mineral aggregate, %

h) Voids filled with asphalt, %
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contains just more than half the amount of virgin gravel aggregate that
Mix 14 does. It has been shown that the RAP aggregate absorbs a
negligible amount of additional virgin asphalt and that the virgin
aggregate absorbs less asphalt at a lower short-term aging temperature.
The additional 1.0% of total asphalt can therefore be at least partly
explained by a reduction in rejuvenation of the RAP surface asphalt. Most
of the variation in test properties could be due to normal variation in
sampling, mixing, and testing.

Binder and Warm-Mix Properties

The base binder for all mixtures was PG 67-22 from a single refinery. The
typical high, intermediate, and low PG temperatures of the base binder
were 68.7, 23.5, and -24.0 °C respectively. Sasobit® was added at a rate of
1.5% of virgin binder mass and Evotherm™ 3G was added at a rate of 0.5%
of virgin binder mass. Water added during foaming was 2% of binder mass
and was not considered part of the binder mass for calculation of asphalt
content.

Table 6 provides asphalt content and PG pass/fail temperatures of
recovered asphalt for Mixes 1 to 12. Binder properties were only evaluated
for the limestone aggregate (lowest absorption) mixes, since the same RAP
was used for all mixes and the effects of virgin aggregate type were assumed
to be minor. The testing on the recovered asphalt was performed assuming
that the recovered asphalt was already aged. Therefore, there was no need to
test after running the Rolling Thin Film Oven (RTFO) test or the Pressure
Aging Vessel (PAV) test.

Going from 0% RAP to 25% RAP shows that the high-temperature property
increased by approximately 8 degrees. This increase in RAP only changed
the low-temperature properties by approximately 3 degrees. Going from 0%
RAP to 50% RAP changed the high-temperature properties by approxi-
mately 20 degrees, whereas it only changed the low-temperature properties
by approximately 8 degrees. Hence, adding RAP favorably affects the high-
temperature properties (provides more rut resistance) much more than it
adversely affects the low-temperature properties (provides less resistance to
thermal cracking). Potentially the aged binder may have reduced the
temperature susceptibility, resulting in an increase in PG grade at high
temperatures and less change at low temperatures. However, specific
conclusions cannot be made with the available data, and further research
would be needed to investigate this issue.
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Table 6. Extraction and recovered asphalt data for mixtures 1 to 12.

RAP Mix Pass / Fail Temperature (°C)

(%) No. Total Asphalt Content (%) | High Intermediate Low
0 1 4.7 73.0 19.3 -27.5
2 4.8 70.3 20.7 -27.0
3 4.7 66.0 16.4 -30.1
4 5.2 68.8 18.3 27.7
Average Temperature (°C) | 69.5 18.7 -28.1

Range of Temperatures (°C) | 7.0 43 3.1
25 5 5.1 80.5 23.3 -24.9
6 5.2 78.0 24.7 -23.7
7 5.0 73.4 17.9 -28.2
8 5.2 78.8 24.0 -25.4
Average Temperature (°C) | 77.7 22.5 -25.6

Range of Temperatures (°C) | 7.1 6.8 4.5
50 9 Not Available 85.8 28.7 -21.9
10 5.7 88.2 29.1 -22.0
11 6.1 96.0 315 -14.3
12 5.7 88.2 29.2 -20.7
Average Temperature (°C) | 89.6 29.6 -19.7

Range of Temperatures (°C) | 10.2 2.8 7.7

Note: The high pass / fail temperature was determined based on a 2.20 kPa min criteria.

WMA mixes with 0% and 25% RAP have decreased high-temperature
properties relative to the HMA mixes with 0% and 25% RAP. Among the
WMA mixes, the Evotherm™ mixes (Mixes 3 and 7) have values approxi-
mately 4 degrees lower than the Sasobit® or foamed WMA mixes.
Surprisingly, the exact opposite trend is seen with 50% RAP mixes; the
WMA mixes have increased high-temperature properties relative to the
HMA mixes, and the Evotherm™ mix (Mix 11) has a value approximately
4 degrees higher than the Sasobit® and foamed WMA mixes. The trend
observed for the 0 and 25% RAP mixes is likely due to reduced binder aging
at lower mix aging temperature; however, that does not explain the 50%
RAP properties. The more dramatic changes in asphalt properties of the
Evotherm™ mixes relative to other WMA mixes seen with 0 and 25% RAP
could potentially be explained by the chemistry of the Evotherm™ additive
itself, which may have a softening effect on the asphalt, but no specific
conclusions can be drawn with the available data.
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In general the spread of values of high-temperature properties for a given
amount of RAP is 7 degrees or more and would seem to be adequate to
reasonably predict the best and worst performing mixes for a given grada-
tion and RAP content. For 0 and 25% RAP, binder data predict that HMA
should rut the least and Evotherm™ the most; for 50% RAP Evotherm™ is
predicted to rut the least and HMA the most.

Low-temperature binder property values for 0, 25, and 50% RAP WMA
mixes with Sasobit® and foam are within about 1 degree of the 0, 25, and
50% RAP HMA mixes, which indicates that the Sasobit® and foam had
only a slight effect on low-temperature properties for a given amount of
RAP in the mix. The Evotherm™ WMA mixes with 0 and 25% RAP
reduced the low-temperature property by approximately 3 degrees relative
to the 0 and 25% RAP HMA mixes, indicating that the low-temperature
properties are possibly improved relative to the HMA. For the 50% RAP
mixes the exact opposite trend is observed for the Evotherm™ mix; the
low-temperature property of the Evotherm ™ mixes is almost 8 degrees
higher than the HMA mix, indicating that low-temperature properties may
be adversely affected.

The unusual results for WMA mixes with 50% RAP, especially the
Evotherm™ mix, are thought to be at least partly due to difficulty in fully
extracting the asphalt from these mixes. Note in Table 6 that all of the
asphalt was extracted for the Evotherm™ mix, but not all of the asphalt
was successfully extracted for Sasobit® and foam WMA mixes (5.7%
asphalt extracted for Mixes 10 and 12, and their design total asphalt
contents are 6.1%). The asphalt that could not be extracted is most likely
aged asphalt from the RAP; if all of the RAP asphalt had been extracted for
the Sasobit® and foam mixes their stiffness would likely be increased.
Furthermore, the effects of the solvent extraction and recovery process
cannot be fully quantified and may also have contributed to the unusual
results observed.

Specimen Preparation
Laboratory Foaming

Foamed asphalt was produced with an initial binder temperature of 163 °C,
which reduced to 120 °C during foaming and was added to the heated aggre-
gate at this temperature. The laboratory asphalt foaming device utilized for
production of specimens with foamed asphalt is shown in Figure 3a. It
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features an automated control system that automatically proportions the
water and asphalt binder at an operator-selected ratio. Figure 3b shows a
sample of the foamed asphalt (2% water by binder mass).

Figure 3. Laboratory production of foamed asphalt.
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b) Sample of Foamed Asphalt
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Mixing and Compaction

For mixtures containing RAP, the RAP was heated for two hours at the
same temperature as the virgin aggregate prior to mixing. Virgin aggregate
was heated for a minimum of four hours before mixing. Binder was heated
to 160 °C before mixing. Mixing was performed with a laboratory bucket
mixer. All mixtures were blended, then short-term oven-aged for 2 hours
at the compaction temperature before compaction to 75 gyrations with the
Superpave gyratory compactor. This compactive effort is recommended for
design traffic levels of 0.3 to <3 million equivalent single axle loads
(ESALSs) by AASHTO R 35 and chosen since no official guidance on
selecting design gyrations for airfield mixtures was available.

Sawing of Mixture Beams

For BBR mixture testing, beam specimens were sawn from gyratory
compacted specimens of nominal 115 mm height. The first step in
preparation of beam specimens from gyratory specimens was to remove
two 12.5 mm thick horizontal slices from the top and bottom of the
gyratory pill with a masonry saw (Figure 4a: Step 1). Four vertical cuts
were made on the remaining block followed by a horizontal cut in the
middle, such that two square blocks 115 mm on each side with rounded
corners were created from the pill (Figure 4a: Step 2 and Figure 4b).

The bottom block was reserved for later testing. Ten mixture beam speci-
mens were sawn from the middle of the top block using a high precision
lapidary saw. Six vertical cuts were made in the block (Figure 4a: Step 3 and
Figure 4b) creating five 12.7-mm-wide slices. Two horizontal cuts were
made in each of the 12.7-mm-wide slices near what was originally the
middle of the gyratory pill (Figure 4a: Step 4 and Figure 4b) to create two
mixture beam specimens from each slice approximately 6-mm thick. A
mixture beam specimen before testing of Mixture 1 is shown in Figure 4c.
When tested in the BBR, the 6-mm dimension was the thickness of the
beam.

Test Methods
Permanent Deformation

To evaluate permanent deformation resistance, rut testing in the APA was
conducted. All APA testing was conducted with a first generation APA
according to AASHTO TP 63. The calibration
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Figure 4. Preparation of mixture beam specimens.
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of the APA was performed once per day before testing began. Automatic
measurement of rut depth was used for all data. The test temperature was
64 °C, the wheel load was 445 N, and the hose pressure was 690 kPa. Each
test replicate consisted of two mixture specimens under one wheel in the
APA. Values were averaged for analysis.

Bulk specific gravity (Gmp) of all gravel APA specimens was determined
according to AASHTO T 331 (Corelok®), while Gy, of all limestone APA
specimens was determined according to AASHTO T 166 (traditional SSD
method). It was observed during testing that there were differences
between void levels measured by the two methods at the desired APA void
level. T 331 was observed to result in higher air voids than T 166. The
difference was relatively small; Cooley (2003) observed that at 4% air
voids there is no difference in the two methods, and at 7% air voids the
Corelok® method results in somewhat higher air voids. For the analysis
performed in this paper, direct comparison of rutting between limestone
and gravel specimens was avoided due to the observed difference in air
voids between the methods.

Durability

To evaluate durability of experimental program mixtures, the Cantabro
durability test was selected; the test provides a relative measure of the
resistance to dry impact and abrasion for a mix. It can be thought of as an
indirect measurement of the toughness of a mix. The variability of the
Cantabro test for dense-graded mixtures was found to be reasonable for
seven surface mixtures tested by Watson et al. (2003), all of which
contained 15% RAP or less. For the current experimental investigation,
three replicates of each mixture were tested. The durability test was
performed on gyratory compacted specimens of nominal 115 mm height,
and the test method is described as follows.

Un-aged specimens were dry-conditioned in an environmental chamber at
25 °C a minimum of 12 hours prior to testing. Each specimen was placed
in an LA-Abrasion drum without the charge of steel spheres and subjected
to 300 revolutions. The loss in mass of the specimen was reported as
percent of the original mass; the variable ML is used throughout the rest of
this paper to designate durability mass loss. Figure 5 shows tested and un-
tested durability specimens with a range of mass loss; the specimens have
asphalt contents above and below the design asphalt content.
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Figure 5. Durability specimens of mixture 5.

Untested AC=43% AC=6.1%
Specimen ML =24.7% ML =17.3%

Non-Load Associated Cracking

To evaluate non-load associated cracking, flexural creep testing of mixture
beam specimens was conducted in a Bending Beam Rheometer (BBR).
Dimensions of the beam specimens were measured and recorded prior to
testing. Beam specimens were immersed in the methanol cooling bath of
the BBR for 60 + 5 minutes before testing to ensure they reached thermal
equilibrium at the desired test temperature. A CANNON® Thermoelectric
BBR was used for testing of all mixture beams. The test parameters were
modified from the standard binder test to employ a 4.9 N load and 1,000-
second test duration. Specimen deflection at the center of the mixture
beam was recorded by the test equipment throughout the test. Figure 6
shows the test fixture with a mixture beam specimen ready for testing after
removal from the coolant bath. Deflection data obtained during the BBR
test are used to compute two test parameters: 1) mixture stiffness as a
function of time; and 2) instantaneous slope of the mixture stiffness curve
(m-value). Values of each parameter are calculated at eight discrete
loading times over the period of the test. The time points were 8, 15, 30,
60, 120, 240, 480, and 960 seconds.

For each mixture of the experimental program, two gyratory specimens
were compacted and mixture beam specimens were prepared from them.
For each mixture, two beam replicates were tested from each gyratory
specimen at each test temperature. The two test temperatures were -12 °C
and -6 °C. A total of eight beam specimens were tested per mixture, four at
each test temperature.
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Figure 6. BBR testing of mixture beams.

Moisture Damage

To evaluate moisture damage, ASTM D 4867 was performed on each
mixture in the experimental design. A test replicate consisted of six
specimens 100 mm in diameter and 63.5 mm thick: three dry and three
conditioned. A freeze-thaw cycle was not performed as part of the condi-
tioning process. Air voids of all specimen sets were within the range of the
6% to 8% specified by the test method. Indirect tensile strength testing was
conducted using a Marshall stability and flow apparatus shown in Figure 7
to determine the TSR of the mixtures.

Figure 7. Test apparatus used for moisture damage testing.

Workability

Workability was evaluated using the NCAT Prototype Workability Device
shown in Figure 8. This device was manufactured specifically for this
project by Instrotek, Inc., in Riley, North Carolina. The method consists of
immersing a paddle into a sample of loose asphalt mixture. The device
measures the torque required to keep the paddle rotating at a constant
speed within the sample. Workability is defined as the inverse of the
torque (Gudimettla et al. 2003).
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Figure 8. NCAT workability device.

For this project two paddle configurations were evaluated to determine the
best configuration that continuously remixed the sample and did not create
a shear plane through the mixture, while providing enough mixing to keep a
consistent temperature throughout the sample. A shear plane created
within the sample would show a consistent workability (torque) over a given
temperature range because of a lack of resistance (Gudimettla et al. 2003).
The first paddle evaluated shown in Figure 9a (Paddle 1) consisted of two
arms at different elevations attached to an auger. It was observed that the
device stopped several times while testing this paddle, due to aggregate
being caught between the arms of the paddle and the container side. The
second paddle configuration evaluated shown in Figure 9b (Paddle 2) had a
roller attached to the shaft to push down the material that the auger
normally moves up during the mixing process. This configuration showed
good mixing of the material, consistent temperature throughout the sample,
and no aggregate breakage was observed. Therefore, testing to evaluate
workability of WMA mixtures was performed using the Paddle 2
configuration.
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Figure 9. NCAT workability device paddles tested.

a) Paddle 1 b) Paddle 2

For workability testing, an 11 kg sample of mixture was prepared at the
standard mixing temperature of 160 °C for HMA or 130 °C for WMA. The
bowl and the paddle were also heated to the mixing temperature. The
sample was poured into the bowl, with the paddle already inside the bowl,
since this paddle configuration did not allow for the opposite procedure of
inserting the paddle in the sample mixture. The device was configured to a
constant rate of paddle revolution of 15 rpm as recommended by
Gudimettla et al. (2003). This rate was considered reasonable to produce a
wide range in workability for the temperature range tested.

Mixture temperature was measured using a miniature infrared sensor that
came attached to the device. In a small test with limited data, temperature
readings from the infrared sensor were compared to a temperature probe
that was inserted directly in the mixture when the device was not running.
The readings were significantly different from the probe readings. The
sensor was moved closer to the sample, and then the temperature readings
matched the readings from the temperature probe. Torque and temperature
were monitored and recorded continuously at an output rate of 48 data
points per second.

Data reduction was performed using regressions between torque and
temperature and evaluating standardized residuals for each test. The
software Table Curve 2D was used to do the regression analysis.
Regressions were of the form given in Equation 1.



ERDC/GSL TR-12-3

34

TOT'que =a + be—c(temperarure+17.78) (1)

where:

Torque torque required to rotate the paddle, N-m
Temperature = mixture temperature, °C

a, b, c = regression constants

Figure 10 shows an example of the typical raw data from the workability
device and the final data and regression model without outliers. Once the
data from each test were reduced, the final regression models were used to
compare the workability of the different mixtures.

Figure 10. Typical data reduction from workability test.
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4 Experimental Results and Analysis

Results from the experimental evaluation, organized by performance test,
are presented in this chapter. Data are grouped by aggregate type and RAP
content to allow comparison of WMA mixtures to HMA mixtures. Statistical
analyses of the data were conducted as appropriate and results are
discussed as well.

Permanent Deformation

Figure 11 provides rut-depth test results for all 24 mixtures; the raw data
can be found in Tables A-1 and A-2. An 8-mm pass/fail criterion has been
suggested for the test conditions employed by Brown et al. (2001), and this
value was used herein. All limestone mixtures rutted less than 8 mm,
indicating they should perform adequately with regard to rutting. All
gravel mixes with exception of the 0% RAP foam rutted less than 8 mm,;
the foam specimen rutted 8.8 mm, which does not greatly exceed the
pass/fail criteria. One possible explanation for the rutting behavior of the
0% RAP foamed gravel is that the design effective asphalt content is 5.7%,
while the other two 0% RAP WMA mixes produced at the same
temperature have an effective asphalt content of 5.4%. It must be kept in
mind that the standard APA test conditions used for this testing were
developed to represent the loading conditions present in highways and
may not necessarily be representative of airfield loading conditions.

PG 76-22 (modified with radial SBS polymer) binder was used in place of
PG 67-22 binder for Mixtures 1 and 13 (0% RAP HMA controls) to provide a
reference for comparison to the effects from inclusion of RAP. A 0% RAP
aggregate with a polymer-modified binder is considered a premium mixture
that would be relatively expensive and is a good reference to compare with
other mixtures. The primary purpose of using polymer-modified binder is
for rutting resistance. This reference using a mixture with modified asphalt
is provided in Figure 11 with a horizontal line. The data generally showed
that the mixtures being evaluated had higher rutting than the modified
asphalt mixture used for comparison. Generally there is less rutting as the
amount of RAP increased. At 50% RAP, the amount of rutting is comparable
to that for the control-modified asphalt mixture.
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Figure 11. Rutting test results.
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b) Rutting data for gravel mixes (13 to 24)

Differences in rutting for particular gradations are generally quite small;
but some overall observations can be made for WMA compared to HMA.
Foam mixes rutted more than HMA with the same gradation in 5 of
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6 cases. Sasobit® rutted less than HMA in 3 of 6 cases, including both 0%
RAP cases. Evotherm™ rutted more than HMA in 4 of 6 cases.

The binder data provided in Table 6 were used to determine if a correlation
existed with limestone specimen rut data. Binder data suggest that HMA
and Sasobit® mixtures should rut less with 0% RAP than Evotherm™ 3G
and foam, which they did. Figure 12 plots the PG high-temperature grade of
mixes from Table 6 versus total rut depth. This correlation clearly shows
that the resulting recovered binder grade had a reasonably high correlation
(R2 = 0.73) with the amount of rutting in the APA.

Figure 12. Correlation of PG high-temperature grade to rut depth.
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The binder data presented in Table 6 correctly predicted which mixture
would rut the least for a given amount of RAP in the mixture in three of
the six possible cases (only the three limestone mixes were correctly
predicted). It only correctly predicted which mixture would rut the most
for a given amount of RAP in the mixture in one of the six possible cases
(gravel mixture with 25% RAP). These results indicate that, while the high-
temperature binder property was able to discern general trends in rutting
performance as the amount of RAP is increased, it was a relatively poor
predictor of specific best- or worst-performing mixes for a given level of
RAP. This is evidence of the problems that can be associated with using
only binder data to study mixtures with high RAP contents.

Durability

Results of durability testing for the 24 mixes are presented in Figure 13; the
raw data can be found in Tables A-3 to A-4. Analysis of variance (ANOVA)
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testing was performed at the 5% significance level, assuming that the data
were normally distributed. Results indicated that within each gradation no
statistically significant differences were found between the hot-mix control
and the three warm-mix technologies or between the warm-mix
technologies. However, visual observation of the data for 0% and 25% RAP
indicates that Sasobit® mixes tended to have higher mass loss (i.e.,
decreased durability) than any other mixes. This aligns with the results
reported by (SasolWax 2004; Mallick et al. 2008) that Sasobit® can have a
stiffening effect at temperatures below its melting point. The effect of RAP
addition to the mixes is apparent; the mass loss is increased as additional
RAP is incorporated into the mixes. Gravel mixes had higher mass loss than
limestone mixes in 11 of 12 cases (92% of the time). This is an unusual result
since gravel aggregate mixtures typically had higher total and effective
binder contents than limestone aggregate mixtures; additional research
would be required to investigate this issue.

To better interpret the effects of RAP on durability, statistical comparisons
were made using the Tukey multiple comparison procedure; the results are
summarized in Table 7. Gradations with the same Tukey letter grouping are
not significantly different from each other; all gradations in a letter
grouping are significantly different than those in other letter groupings. For
the limestone gradations the 0% RAP, 25% RAP, and 50% RAP gradations
are all three significantly different from one another. The same trend held
true for the gravel gradations. The limestone and gravel 0% RAP gradations
(LS-1 and GR-1) were significantly different from one another; this implies
that in the absence of RAP, virgin aggregate type has a significant effect on
durability results. However the limestone and gravel 25% RAP gradations
(LS-2 and GR-2) were not significantly different from one another. The
limestone and gravel 50% RAP gradations (LS-3 and GR-3) were also not
significantly different from one another. Based on the data, the presence of
25% and 50% RAP in the mixture appears to overwhelm effects due to
virgin aggregate type. As the gradations are all quite similar, it is likely that
the contribution of RAP asphalt to the recycled mixes is the dominating
factor leading to this result. While this test has not been proven to be related
to durability in the field, it is believed that it is a good test for ranking the
mixtures. Further research is needed to investigate a relationship between
laboratory results and field performance. Results of test sections containing
45% RAP at the NCAT test track led West et al. (2009) to observe that high
RAP mixes would likely have good raveling resistance.
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Figure 13. Durability test results.
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Table 7. Tukey multiple comparison test of mass loss.

Gradation Number Mean Mass Loss (%) Tukey Grouping
LS-1 5.8

LS-2 11.6

LS-3 16.7

GR-1 9.4

GR-2 13.5

GR-3 17.7

Note: Experimental treatments with the same letter grouping are not statistically significantly different
at the 5% significance level.

Non-Load Associated Cracking

Figures 14 and 15 present mixture stiffness and m-value (slope of stiffness
curve) results at 60 seconds when tested at -6 °C and -12 °C, respectively.
The raw data can be found in Tables A-5 to A-10. Analysis of variance
(ANOVA) testing was performed at the 5% significance level assuming that
the data was normally distributed. Mixture stiffness data from each test
temperature were considered separately. Within each gradation, no
statistically significant differences were found between the hot-mix control
and the three warm-mix technologies or between the warm-mix tech-
nologies at either test temperature. However, when RAP was included as
part of the mixture, in nearly all cases at both test temperatures the warm-
mix technologies were less stiff than the hot mix. It is thought that this is
likely due to the decreased amount of aging of the binder when mixing using
the WMA temperatures. Similar trends are seen in the m-value data but
with m-value decreasing as RAP content increases. Differences in m-value
between RAP contents are slightly more pronounced for -6 °C data than for
-12°C data. In general, increased stiffness and decreased m-value for high
RAP mixes indicate that these mixes are likely more brittle than the 0% RAP
mixes and consequently may have higher potential for low-temperature
cracking.

The effect of RAP on low-temperature stiffness values was found to be
statistically significant by ANOVA testing. To better interpret the data, two
Tukey multiple comparison tests were performed, one for each test
temperature; all results are given in Table 8. For a specific temperature,
gradations with the same Tukey letter grouping are not significantly
different from each other; all gradations in a letter grouping are significantly
different from those in other letter groupings. For both test temperatures
the two 0% RAP gradations are not significantly different, indicating that in
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ixture stiffness and m-value at 60 seconds tested at-6 °C
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Table 8. Tukey multiple comparison tests of mixture stiffness at 60 seconds.

Test Temperature Gradation Number Mean Stiffness (GPa) | Tukey Grouping

6C Ls-1 6.6
LS-2 11.6
LS-3 131
GR-1 7.5
GR-2 10.7
GR-3 11.4

-12C Ls-1 11.6
LS-2 15.2
Ls-3 175
GR-1 11.2
GR-2 12.8
GR-3 15.2

Note: Experimental treatments with the same letter grouping are not statistically significantly different
at the 5% significance level.

the absence of RAP, virgin aggregate type did not appear to affect mixture
stiffness. When RAP is included in the mixtures, the results are chained
together and no specific conclusions can be drawn; the only significant
differences (at either test temperature) are between LS-2 and GR-3. Based
on the results, the increase in mixture stiffness from 0% to 25% RAP is
generally significant; however, the subsequent increase in stiffness from
25% to 50% RAP is generally not significant or as large. This is in contrast to
the results reported by Li et al. (2008), who found little difference between
0% and 20% RAP mixtures but a large reduction in low-temperature
fracture resistance for 40% RAP mixtures.

Tukey multiple comparison tests were likewise performed for m-value data
at each test temperature; results are given in Table 9. For -6 °C data,
results are chained together, but 50% RAP mixes have significantly lower
m-values than 0% RAP mixes. For -12 °C data, the LS-1 gradation has
significantly higher m-value than the other gradations.

For the limestone mixtures, correlations between mixture stiffness and
low-temperature binder grade (from Table 6) were generally poor as
shown in Figure 16a, although the -6 °C test data were slightly better than
the -12 °C test data. Correlations between mixture stiffness and binder
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stiffness at -12 °C test temperature were also generally poor (Figure 16b).
This result is aligned with the evidence presented by Huang et al. (2005)
for limited mechanical blending of RAP asphalt and virgin binder.

Table 9. Tukey multiple comparison tests of mixture m-value at 60 seconds.

Test Temperature Gradation Number | m-value Tukey Grouping

6C LS-1 0.253
LS-2 0.175
LS-3 0.134
GR-1 0.212
GR-2 0.161
GR-3 0.116

-12C LS-1 0.172
LS-2 0.128
LS-3 0.104
GR-1 0.144
GR-2 0.116
GR-3 0.098

Note: Experimental treatments with the same letter grouping are not statistically significantly different
at the 5% significance level.

In addition, the binder data provided in Table 6 would seem to indicate
that the 50% RAP Evotherm™ mixes would be much stiffer than the other
50% RAP mixes; this is not the case for the mixture data presented in
Figures 14 and 15. These poor correlations of mixture properties and
binder properties provide evidence of the problems that can be associated
with using only binder data to study mixtures with high RAP contents.

Moisture Damage

Figures 17 to 19 present dry and wet tensile strengths and TSR results for o,
25, and 50% RAP mixes, respectively. Data are organized by aggregate type
and production temperature. The thick horizontal line on all figures
represents the pass/fail specification TSR value of 0.75. Raw data can be
found in Tables A-11 and A-12. The production temperatures are described
in the discussion as: low temperature (130/116 °C), intermediate tempera-
ture (146/132 °C), and high temperature (160/146 °C). Temperatures in
parentheses are mixing temperature followed by compaction temperature.
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Figure 16. Correlations of low-temperature mixture stiffness.
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Figure 17 presents results for limestone and gravel mixes without RAP.
HMA mixes are presented only at the high temperature. WMA mixes had
dry tensile strengths equal (within the test precision) or stronger than
HMA for both aggregates at all production temperatures. All three WMA
technologies improved the wet tensile strength of the limestone mixes at
all temperatures, compared to the limestone HMA mix. For the gravel
mixes, the wet tensile strength was reduced when WMA technologies were
used, except at high temperature.



ERDC/GSL TR-12-3

Figure 17. Moisture damage results for 0% RAP mixtures by production temperatures.
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Figure 18. Moisture damage results for 25% RAP mixtures by production temperatures.
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Figure 19. Moisture damage results for 50% RAP mixtures by production temperatures.
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b) TSR data for gravel mixes (21 to 24)

Increasing production temperature generally increased TSR values for most
of the mixes. Performance of the HMA limestone mix (TSR = 74) did not
quite meet the TSR specification. However, when WMA technologies were
used with limestone aggregate, TSR values generally improved and were
acceptable, except for the Evotherm™ mix at the low temperature (TSR =
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0.64). Of the gravel mixes, only 5 of 9 WMA cases met TSR requirements.
One interesting observation was that TSR values for Evotherm™ and
Sasobit® gravel mixes decreased to a level below the requirement when the
production temperature was increased from low to intermediate. However,
these values improved and met the requirements at the high temperature.
This could be due simply to test variability, but it was not investigated
further due to laboratory time constraints. Visible stripping occurred in
some cases such as the virgin gravel mix with foamed asphalt when mixed at
low temperature as shown in Figure 20 (TSR = 0.46). This was also the
lowest TSR value of all mixes. However, TSR values of foamed gravel
increased noticeably with production temperature.

Figure 20. Visible aggregate stripping on conditioned mixture 16 specimens.

¥

Figure 18 presents moisture damage results for limestone and gravel mixes
with 25% RAP. Generally, the performance of all mixes improved when
25% RAP was used compared to the performance of mixes without RAP
(Figure 17); all the limestone mixes and 6 of 9 gravel WMA mixes met the
TSR criteria. This improvement in resistance to moisture damage was even
more noticeable when 50% RAP was used (Figure 19), as all the mixes had
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adequate TSR values. In most cases, relatively large increases in the tensile
strengths of WMA mixes occurred as RAP contents increased. All
limestone mixes with 25 and 50% RAP content performed acceptably
when mixed at the three different temperatures. All 50% RAP gravel mixes
had acceptable TSR values at the three production temperatures. The best
example of improved TSR values by increasing RAP content is for the
foamed gravel and the low production temperature, where TSR went from
0.46 to 0.66 to 0.78 as RAP content increased from 0% to 25% to 50%.

Workability

Figures 21 to 23 present averaged workability data for limestone mixtures
organized by RAP content. The raw data can be found in Figures A-1to A-3
and Table A-13. For mixes without RAP (Figure 21), torque values for WMA
mixes are lower than HMA mixes for a given temperature, potentially
indicating better workability. Torque values for the WMA mixes at about
120 °C are similar to torque values for the HMA mix at its normal compact-
tion temperature of 146 °C. Little difference is seen between WMA mixes
except at the lowest temperatures. Curves for each mix increase only slightly
with decreasing temperature down to about 110 °C. Below this point the
curves begin to increase noticeably, potentially indicating decreased
workability. These results are promising for workability of WMA mixes, but
it is not clear what they mean in terms of behavior during construction.

WMA mixes containing 25% RAP (Figure 22) also require less torque than
the corresponding HMA mix at the same temperature. Again, little
difference in WMA mixes is observed except at the lowest temperatures.
Torque for the 25% RAP HMA at its normal compaction temperature is
nearly the same as for the 0% RAP HMA (= 10 N-m), but torque values for
the 25% RAP mixes increase at a faster rate with decreasing temperature
than for the 0% RAP mixes.

The torque curve for HMA with 50% RAP (Figure 23) starts higher than
the 0 and 25% RAP HMAs at their normal compaction temperature and
increases steeply. However, the final torque value at 90°C is not any higher
than the 25% RAP HMA. Torque curves for WMA mixes with 50% RAP
behave similarly to those for 25% RAP WMA mixes. Once again, WMA
mixes appear to be more workable than HMA but cannot be differentiated
from each other.
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Figure 21. Workability data for 0% RAP limestone mixtures.
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Figure 23. Workability data for 50% RAP limestone mixtures.
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5 Conclusions and Recommendations

Conclusions

This laboratory study evaluated a range of aggregates, WMA technologies,
and various RAP contents to determine the potential for using WMA
technology for airfield pavements. Based on the data collected during this
study, it can be concluded that WMA technologies can be used for airfield
pavements.

The findings from this study were compiled in two ETLs. The first ETL was
published in August 2011, ETL 11-3, and it had the purpose of introducing
the concept of WMA technologies to the Air Force. It summarizes the main
findings from the literature review and provides general information about
the technologies that are available, benefits, research and construction
projects, performance, and some general guidance. The second ETL
presents more specific guidance on the use of WMA for airfield pavements,
and it is based on the WMA guide specification that was developed in this
study. The WMA guide specification is very similar to the current HMA
specification for airfields, UFGS 32 12 15, with the main difference being
production and compaction temperatures and the consideration of the
WMA additives. These last two documents are currently under review and
are expected to be published by spring 2012. It is expected that when these
documents become available, the WMA work on airfields will increase.

Specific conclusions from the laboratory testing conducted in this study are:

e The measured increase in high-temperature grade of the binder when
RAP was added to the mixes was noticeably higher than the measured
increase in low-temperature grade of the binder. This indicates
generally improved rut resistance of high RAP content mixes but only a
limited increase in thermal cracking susceptibility.

e WMA technology can be used with high RAP content to produce
mixtures that will be resistant to rutting. The binder will be stiffer for
the high RAP contents, greatly reducing the potential for rutting.

e Susceptibility to thermal cracking does not appear to be a concern for
WMA without RAP. Mixtures with high RAP content appear to be
slightly more susceptible to thermal cracking. The high RAP content
stiffens the asphalt binder, slightly increasing the low-temperature
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grade of the asphalt; however, the effects of this on actual field
performance are not clear.

e Warm mixes have typically been shown to be susceptible to water
damage. WMA technology can be used with high RAP content to
produce mixtures that are more resistant to moisture damage. Based
on TSR testing, increasing the RAP content generally increases the
resistance of a mix to moisture damage.

e Based on the Cantabro test, one would expect high RAP content mixes to
be more susceptible to durability issues. Literature indicates that so far
this has not been observed in the field, but additional monitoring of high
RAP sections is needed to determine if durability is a problem or not.

e WMA mixes are potentially more workable than HMA mixes for all
RAP contents based on laboratory testing, but the relationship of
laboratory workability results to a mix’s ability to achieve desired
density during construction is not known.

Based on the data contained in this report, the two primary issues for
WMA that need to be addressed are rutting under aircraft loadings and
moisture damage susceptibility. The addition of RAP to the mix has the
potential to help with both of these issues but could potentially cause
reduced low-temperature performance and introduce durability issues.
However, the extent of these issues may be small for moderate RAP
contents of 25% or less. The evidence suggests that RAP in WMA is less
susceptible to low-temperature performance problems than RAP with
HMA. At this time, it is not possible to translate the laboratory results for
durability or workability to estimated field performance.

Recommendations

The use of WMA for airfield asphalt pavements is recommended. Each Air
Force Command should consider selecting at least one project for WMA
technology per year to be constructed within the Command. As more
airfield projects are constructed using WMA, more data can be collected to
characterize these technologies and their performances under aircraft
loading.

Further research to evaluate WMA for airfields is also recommended. The
evaluation should include both laboratory testing and construction of test
sections subjected to full-scale accelerated loading. The laboratory evalua-
tion component should incorporate the following recommendations:
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e Evaluate laboratory rutting with test conditions more representative of
airfield loading conditions.

e Moisture damage testing should be expanded to include a wheel
tracking test in addition to TSR.

e Evaluate other WMA technologies in addition to those tested herein.
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Appendix A: Raw Test Data
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Table Al. APA test data for mixtures 1 to 12.

Mix Air Voids (Va) (%) Rut @ 8000 cycles (mm)

No. Rep Front Rear Row Avg. |Avg. Total Avg.

1 1 7.5 7.5 7.5 7.5 6.5 6.5
2 7.6 7.4 7.5 6.0
3 7.5 7.6 7.6 7.0

2 1 7.2 7.4 7.3 7.3 5.8 6.0
2 7.1 7.3 7.2 5.2
3 7.3 7.3 7.3 6.9

3 1 7.7 7.8 7.8 7.7 8.0 7.8
2 7.5 7.7 7.6 7.7
3 7.7 7.6 7.7 7.7

4 1 6.8 6.8 6.8 6.8 9.8 71
2 6.7 6.5 6.6 6.2
3 7.1 6.7 6.9 5.5

5 1 6.7 7.0 6.9 6.4 33 3.0
2 6.0 6.2 6.1 2.9
3 6.2 6.4 6.3 2.9

6 1 6.1 6.5 6.3 6.7 39 4.4
2 6.8 6.8 6.8 4.5
3 6.9 7.2 71 4.8

7 1 6.5 7.6 71 6.7 3.4 3.7
2 7.5 6.6 71 31
3 5.9 6.3 6.1 4.7

8 1 7.3 7.0 7.2 7.4 5.7 5.6
2 7.5 7.4 7.5 5.4
3 7.5 7.5 7.5 5.6

9 1 7.5 7.5 7.5 75 3.6 3.6
2 7.5 7.5 7.5 4.0
3 7.4 7.5 7.5 3.2

10 1 7.4 7.4 7.4 75 4.2 4.4
2 7.5 7.4 7.5 4.2
3 7.6 7.6 7.6 4.8

11 1 71 71 71 71 2.9 2.7
2 71 7.3 7.2 2.6
3 6.9 7.2 71 2.5

12 1 6.5 6.9 6.7 6.8 3.6 29
2 6.9 6.7 6.8 2.8
3 6.7 6.9 6.8 2.3
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Table A2. APA test data for mixtures 13 to 24.

Mix Air Voids (Va) (%) Rut @ 8000 cycles (mm)

No. Rep Front Rear Row Avg. |Avg. Total Avg.

13 1 7.1 7.0 71 71 6.9 6.9
2 - _-.-a _--a P
3 - _-.-a _--a P

14 1 7.1 71 71 71 4.7 5.4
2 7.2 7.2 7.2 5.2
3 6.9 7.2 71 6.2

15 1 7.0 7.4 7.2 7.3 4.4 4.7
2 7.2 71 7.2 4.9
3 7.4 7.4 7.4 4.8

16 1 7.2 7.3 7.3 6.9 10.3 8.8
2 7.0 6.5 6.8 83
3 6.6 6.8 6.7 7.9

17 1 7.3 6.8 71 6.8 4.3 4.0
2 7.0 6.7 6.9 4.2
3 6.5 6.6 6.6 3.6

18 1 6.5 6.6 6.6 6.7 31 2.6
2 6.7 6.5 6.6 2.6
3 7.1 6.8 7.0 2.2

19 1 6.5 6.8 6.7 6.7 5.4 5.1
2 6.6 6.6 6.6 4.8
3 7.1 6.5 6.8 5.0

20 1 7.6 7.5 7.6 7.4 4.2 4.4
2 7.5 7.3 7.4 4.2
3 7.3 7.4 7.4 4.8

21 1 6.6 7.4 7.0 6.9 1.7 1.7
2 6.9 6.8 6.9 1.9
3 7.0 6.6 6.8 1.6

22 1 6.9 7.0 7.0 6.9 2.2 2.3
2 6.9 7.0 7.0 2.1
3 7.0 6.8 6.9 2.5

23 1 71 6.8 7.0 6.8 33 3.6
2 6.7 6.8 6.8 3.8
3 7.0 6.6 6.8 3.9

24 1 7.0 7.0 7.0 73 4.6 5.0
2 7.5 7.5 7.5 5.3
3 _--a _--a -} _--a

a) Data not available.



ERDC/GSL TR-12-3

63

Table A3. Cantabro test data for mixtures 1 to 12.

Mix Air Voids Mass Loss

No. |[Rep |[Va(%) Avg, Temp (C) | Wi(g) Wa (g) ML (%) Avg.

1 1 4.7 4.3 25.7 4820.0 |4563.5 |5.3 5.7
2 3.7 25.4 4832.2 |4589.7 |5.0
3 4.5 25.8 4836.8 |4513.5 |6.7

2 1 4.4 45 25.8 4843.1 |4460.5 |79 7.5
2 4.7 25.7 4847.8 4516.8 |6.8
3 4.4 25.5 48325 |44548 |78

3 1 4.4 4.2 25.8 4848.8 |4577.8 |5.6 5.0
2 4.1 25.5 4803.4 |4551.4 |5.2
3 41 25.8 48121 |4615.3 |4.1

4 1 41 3.8 25.0 4834.9 |45705 |55 5.2
2 3.6 24.4 4827.2 4562.4 |5.5
3 3.7 24.4 48447 |46125 (4.8

5 1 3.0 34 25.8 4807.9 4320.6 |10.1 11.8
2 39 25.8 4802.8 |4216.4 |12.2
3 3.2 25.8 4812.3 |4188.3 |13.0

6 1 3.2 3.2 25.3 4819.4 |4239.8 |[12.0 12,5
2 3.2 24.6 4801.7 |4140.6 |13.8
3 33 24.7 4817.8 4249.8 |11.8

7 1 31 34 25.2 4824.8 |4305.9 |10.8 10.6
2 4.0 25.6 4812.7 |4309.0 |10.5
3 31 24.6 48216 43173 10.5

8 1 3.2 3.5 24.7 4863.3 |42671 |12.3 115
2 3.6 24.6 4857.1 4297.3 115
3 3.7 24.9 4847.4 43225 |10.8

9 1 3.6 38 25.8 4701.2 3910.7 |16.8 17.4
2 4.1 25.6 4838.4 |4003.2 |17.3
3 3.6 25.7 4820.0 |3940.6 |18.2

10 1 4.5 4.0 25.2 4706.1 |3892.3 173 17.0
2 3.5 25.6 4699.6 |3885.7 |[17.3
3 4.2 25.6 4688.1 |3924.3 |16.3

11 1 3.8 3.9 25.9 4700.6 |3899.6 |17.0 16.9
2 4.3 25.9 46775 3885.2 |16.9
3 3.7 25.7 4699.0 |[3907.0 |16.9

12 1 4.0 41 25.9 4682.7 |3909.3 |16.5 15.3
2 4.7 25.3 4695.5 |4017.0 14.5
3 3.6 25.4 4714.5 4005.1 |15.0
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Table A4. Cantabro test data for mixtures 13 to 24.

Mix Air Voids Mass Loss

No. |[Rep |[Va(%) Avg, Temp (C) | Wi(g) Wa (g) ML (%) Avg.

13 1 34 3.7 25.1 44433 |41415 |6.8 83
2 4.0 24.3 4464.8 |4067.6 |8.9
3 3.6 25.7 4458.4 40521 |9.1

14 1 4.5 41 25.5 44438 |3898.1 |12.3 11.9
2 4.2 25.3 4411.6 |3839.4 |13.0
3 3.7 25.3 4408.6 |3944.6 |10.5

15 1 5.0 4.7 25.2 4423.4 |4067.6 |8.0 83
2 4.8 25.2 4429.4 |3989.5 |9.9
3 41 25.8 44450 |4136.1 |6.9

16 1 41 3.9 25.5 4381.2 |3919.2 |10.5 9.3
2 34 25.8 4406.2 |4073.7 |75
3 41 25.5 4382.0 |[39529 |98

17 1 4.2 3.8 25.4 4457.2 3881.0 |129 13.9
2 2.9 25.3 4407.3 3861.3 |124
3 4.3 25.3 4465.8 |3731.8 |16.4

18 1 4.0 3.9 25.3 4403.2 |3594.6 |184 15.8
2 3.8 25.5 4396.3 |37539 |14.6
3 3.7 25.7 4393.0 |3765.0 |14.3

19 1 3.6 3.9 25.4 4396.2 |3846.9 |125 121
2 4.5 25.5 4390.1 |38316 |12.7
3 3.6 24.7 4402.6 |39185 |11.0

20 1 4.0 3.8 25.8 4405.1 |3849.0 |12.6 12.2
2 34 25.5 4406.5 |3898.3 |115
3 4.2 25.4 4386.3 |[3836.1 |125

21 1 4.5 3.9 25.0 4410.0 |3539.6 |19.7 19.9
2 3.2 25.6 4402.9 |3519.1 |20.1
3 3.9 24.3 44256 |3548.8 |19.8

22 1 3.6 33 25.3 44348 |3604.9 |18.7 17.4
2 33 25.2 4438.2 |3696.3 |16.7
3 31 25.7 44243 |3679.5 |16.8

23 1 4.6 4.2 24.3 44521 |3673.0 |175 15.2
2 3.6 25.7 4431.0 |3846.9 |13.2
3 4.3 25.3 4417.9 3762.4 |14.8

24 1 4.0 4.2 25.7 4378.8 |3667.2 |16.3 184
2 4.8 25.0 4368.6 |34453 |21.1
3 3.8 25.1 4385.0 |3607.1 17.7




65

ERDC/GSL TR-12-3

8/C°0 GST0 CETO 60T0 /810 ¥9T'0 T¥T'0 0CT'0 V9GS 8.9 €08 GSE€6 €L0T TI'CT 9VET T9OVT TV BAv

G8C'0 09C0 9¢€C’0 CTC0 L8T'0 €9T0 6€1T0 9TT0 O¥P9 €L°L LT'6 TLOT 0E€CT 68ET CVST TL9T L€ 4

TLC0 6¥C0 8¢C0 L0CO 98T0 ¥91°0 €¥T0 ¥C1'0 88YF €8S 889 66. 916 €€0T 0STT 0SCT GV T 0¢CT-

€20 88€'0 €GE0 8TE0 €8Z0 8¥2'0 €TC0 T8T0 ¥rC 22€ GT¥ €26 €V9 TLL ¥06 €20T Tv¥ 8Av

S0 LOV'0 69€°0 TEEO €6C°0 95C0 8IC0 €8T'0 90C 9.C <9t T9Vv €L'S €69 LT'8 LT6 L€ 14

TO¥'0 69€0 LE€0 S0E0 €120 Tvrc'0O 60C0 6.10 €8¢ 89€ 69Y +¥8G €1'L 098 ¢6'6 0CTT SV T 0090 14

G82'0 1920 9€2°0 TTTO L8100 CI9T'0 LE€T'0 STTO0 6¥'S V99 88/, 1T6 L90T €6TT V€T vEVT L't SAY

¢8C°'0 LGC0 €€C0 80C0 €810 8ST'0 €€10 OTT'0 06S T1T'L ¢€¥'8 186 ¥CTT G9CI 66'€T OT'ST 67 4

88C°0 ¥9C°'0 6£C0 STC0 0610 991°0 C¢¥T0 6TT0 80S 919 +vEL 098 7166 CCTT 6VCT LSET vV T 0¢CT-

GEY'0 00¥'0 G9E'0 6CZE0 ¥6Z'0 6SC'0 ¥CC0 €6T'0 OT'C 08C Vv9€ TOV VLG G6'9 TT8 9€6 L'y 8AY

0St'0 GT¥'0 6.0 €¥E€0 LOEO TLZO 9620 €0C0 66T 89C <C9€ 19Y V9SS 689 7TC'8 <Cv6 67 14

61’0 ¥8€0 0SE'0 9TE€0 ¢8C'0 .L¥C0O €1C0 ¢8T'0 TCC <¢C6C 9L'E V.Y €89 00L TCT8 66 VvV T 090 €

€220 G0Z'0 L8T'0 89T'0 0ST'0 CET'0 YTT'0 8600 98°L OT'6 ¢OT 8LTT ST'ET 0S¥l 6L'GT 889T E€¥ 8AV

9TC’'0 66T0 ¢8T'0 ¥9T°0 L¥TO OET'0 €TT0 L60'0 <C¥'8 <CL6 60TT 0GClT €6'€T ¥EST 6997 ¥8.T 8¢ 4

6¢c’0 01C¢’0 T6T'0 CLTO0 Y910 SET'0 9110 8600 0€.L 6¥8 GL'6 SOTT LECT 99€T 68¥%T €6GT 87V T 0¢CT-

TEE'0 GOE0 6.T0 €9T0 1ZTO TOZTO GLTO TSTO 9OT'E €6'€ 1I8F 6LG V89 €6.L V06 COOT €+ BAY

¢EE’0 G0E0 6.C°0 TGCO 9¢C'0 00C0O €10 6¥T°'0 8CE 607 TOS CO9 TTL ¥C8 8E6 8E0lT 8¢ 14

TEE'0 G0E0 08CTO ¥SC'0 6220 €0C0 8.T0 SST0 €0€ LL€ C9v G99 LG9 €9/, 0L'8 996 8V T 090 4

9vC'0 9220 9020 98T'0 S9T'0 SPT'0 SCT'0 90T'0 €L9 V6L ¥T6 6S0T 86TT 9EET 69'VT T8ST T'C SV

99C°'0 G¥C'0 €¢C0 CTOC'0 08T'0 6ST'0 LETO 8IT0 08.L 0€6 €607 S9Cl €V'¥T CC9T 86°LT 86T T€ 4

LCC’0 800 88T'0 69T'0 0ST'0 TETO CITO0 ¥60°0 L9G 8G9 ++G.L €98 €96 090T TVTT LTCT T¢E T 0¢CT-

20€0 8120 7520 TETO L0TO €810 6910 LETO 69€ ISV VS Tr9 8v. 198 996 090T T'€ SAY

0€E'0 €0€0 9.C0 8¥C0O TCCO ¥6T°0 L9T0 €¥1'0 69¢€ 09Fv <C9¢ +v.9 ++v6'L 816 T¥rOoTl V1T T¢€ 4

¥.C2'0 ¥9C°0 €€C0 €1¢0 ¢61'0 ¢LT'0 1910 Ce1T'0 69¢ vy €29 019 ¢OL 96.L 068 €L'6 C¢ T 0090 T

S096 SO087 SO¥C SOCT S09 SQOE SGT S8 S096 S08y SO¥C SOCT SO09 SOE SGT S8 (%) doy dwsal "oN
awll] 1s9] pue (enjeA-w) ado|S awl] 1s9] pue (edH) ssauyns A 1891 XIN

77 01 T S9Jnixiw 10} e1ep 1S8) Yyg9 "GV dlqel



66

ERDC/GSL TR-12-3

€120 96T°0 8.T°0 09T'0 €YT'0 SCT'0 L0T'0 T600 0T8 Gv'6 SLO0T 60CT EVET €LVT 96'GT 86917 €€ BAY

Y120 L6T'0 6.T'0 T9T'0 SYT'0 LZT'0 OTTO S600 €92 088 COOT 8CTT GGCT 6LC€T L6¥T 96GT LT ¢

ZTT0 ¥6T°0 9.1T°0 8ST'0 O¥T'0 TZIT'0 ¥0T'0 8800 L.'8 OT'OT 6¥'TT 06CT TE€¥T L9GT G6'9T 008T 6C T OCT-

1820 €9C°0 6EC'0 9TZT0 C6T'0 89T°0 SYT'0 €ZT0 LT'S 9T9 Gb'L TL'8 SO0OT 8ETT 89CT 6LET €€ SV

CO€0 L.T0 TSTO 9220 TOTO GLT'0 OSTO L2T'0 80'S TZ9 9¥/. 7188 TIC0T C9TT O00€T LT¥T L€ ¢

T.C0 6¥C0 LTZ'0 SOCO0 €8T'0 TIT'0 6ET0 6TTO0 9CG 0€9 €¥. ¥98 886 ¥I'TT 9€¢T T¥er 6C T 090 8

T6T'0 SLT0 8STO THT'0 SZT'0 80T'0 T600 GL00 6¥6 LLOT 60CT TVET TLVT ¥6'ST LOLT 66°LT 8€ SaY

8020 68T'0 69T°0 0STO0 TETO ZITO €600 GL00 0.8 /[66 6CTT TOCT 06'€T €T'ST +vC¢9T CI'LT 9€ ¢

9/T'0 T9T'0 L¥T'0 €€T'0 8IT'0 €0T'0 6800 G.0°0 8COT LSTT 68CT TC¥T TSST GL9OT T6LT G88T 6€ T OCT-

692’0 Lv2'0 9220 020 28T0 T9T'0 B6ET0 0ZT0 6V9 V.. TI'6 LS0T 80CT TOET OT'GT 6€9T 8€ 8BAY

1/ST0 6€£T°0 02C0 TOTO T8T'0 €910 +v¥T°0 LZT0 T99 8L GI'6 LSOT 90CT 8SE€T TI'GT 9¥9T 9¢€ ¢

0820 9520 TETO L0TO €8T0 6STO YETO CITO LE9 L9/ 806 LSOT OTCT €9€T 60GT T€9T 6€ T 290 /L

TOT'0 0ST'0 8ST'0 9ZT'0 ¥IT0 €0T'0 1600 0800 TEOT 6V TT 89CT 68'€T OT'ST 8291 TVl LE8T 8€ By

9GT'0 9¥T'0 9€T'0 9TT'0 9TT'0 90T'0 960°0 280°0 9S0T TLTT ¢6CTT ST¥T 8E€'ST T9OT TI8.T 988T CV¥ ¢

19T°0 ¥ST'0 OVT'0 L2T'0 €TT'0 00T'0 9800 +¥.0°0 80°0T GCTT ¥¥'¢T €9€T I8¥T ¥6'ST TOLT 68.T €€ T 0CT-

6€C°0 6TC0 66T'0 6.T0 09T'0 OVT'O OCTO €0T0 889 G08 TE6 TOOT TETT €TET V¥l TSST 8€ BAY

6€C°0 6TC0 66T0 6.T0 6ST'0 OVT'0O OCT'0 TOTO C69 O0T'8 GE6 G90T L6TT LTET ¢S¥T 99GT TV ¢

6€C°0 6TC'0 66T'0 08T'0 09T'0 T¥T'O TCTO €0T0 +¥89 TO8 9¢6 990T 838TT 8T'ET ¢r¥T L¥'ST €€ T 0290 9

G8T'0 T.T'0 8ST'0 SYT'0 TETO 6TTO0 90T0 ¥60°0 S¥'IT G6CT TSVT €T9T 9.°.T LE6T ¥6°0C 0€CC €€ BAY

€.T°0 TIT'0 0ST'0 B6ET0 8CT'0 9TT'0 SOT'0 ¥600 ¥STT 96CT E€V'¥T 96'GT 0S'.LT ¥0'6T 950C 88TC L€ ¢

96T'0 TST'0 99T'0 TST'0 9€T'0 ¢CT'0 LOT'0 €600 9€TT S6CT TOVT T€9T TO'ST TL6T €€TC TLCC 6C T 0OCI

GZZ'0 0TC0 S6T0 08T0 ¥9T'0 6VT0 ¥ETO0 0CT'0 LZL GV8 ¢CL6 LOTT LVCT 06°ET ¥VEST T99T €€ 8Ay

TECO GTC0 0020 ¥8T'0 69T°0 €ST'0 8E€T'0 ¥TT'0 G89 008 +C'6 GS0T €6'TT YEET 9L¥T €09T L€ ¢

022’0 S0C'0 06T'0 S.T'0 09T'0 SYT'0O OSTO 9IT0 69L T6'8 TCTOT 6GTT COET LvvT 16'GT 0CLT 6C T 290 G

S096 SO087 sSOFVC SOCT S09 SOE SGT S8 S096 SO87 SOVC SOCT SO09 SOE SGT S8 (%) doy dwsl "oN
awi] s3] pue (anjea-w) ado|s awil] s8] pue (dD) SSBUPNS  °A 38l XIN

"8 0} G SINIXIW IO} B1eP 1S9) ¥AF "9V dIgeL



67

ERDC/GSL TR-12-3

CLT'0 9GT'0 6€T'0 €210 90T°0 6800 €.00 8500 TEET T6VT TI9T 6087 8967 S6'0C L1'TC OT'€C 8€ BAY

69T°0 CST'0 GET'0 8TT'0 COT0O S80'0 8900 €S0°0 06CT Tvvl ¢6'ST 8¢€LT GL'8T 1T00C 6071C T6'TC L€ c

9/T°0 6GT0 €¥T'0 LZT'0 OTTO ¥60°'0 8L00 €90°0 CTLET T¥'ST CI'LT 0887 T¥'0C 06TC GC'€C 0EvC Ot T 0CT-

06T'0 9.T'0 €9T'0 6VT'0 9€T'0 TZT'0 80T'0 960'0 7168 OT'OT GETT V9'CT ¥6'€T €C'ST 6V'9T LG'LT 8€ BAY

¥8T°0 TLT'0 8ST'0 SG¥1'0 CETO 6TT'0 90T0 ¥60°0 €68 600T 6CTT €5CT LLE€T 00GT 0C9T Cc'LT L€ c

G6T°0 T8T'0 L9T'0 €ST'0 6ET0 GCT'0 TTTO0 8600 688 CI'0T cv'TT GLCT TTVT 9¥'GT 8L9T C6'LT OV T 090 T

8¢T'0 0ZT'0 TTT'0 €0T0 ¥60°0 9800 8.00 000 690T ¥Y9'TT 09CT LSET 2SVT 9V'ST 9€9T E€T'LT 9G BAY

GET'0 SCT'0 ¥IT0 ¥0T'0 ¥600 ¥80°0 +¥.0°0 G900 L60T 86'TT OO'ET TO¥T O0GT 96'GT G891 T9LT 6'S c

¢CT'0 STT'0 80T0 TOT'0O G600 880°0 T80'0 GL00 CVOT OETT TC'CT CT'ET ¥O¥T 96'vT 98'GT 9991 'S T 0CT-

€120 S6T'0 L.T'0 6ST0 TYT'0 €210 GOT'0 6800 0L G888 900T 6ZTT CSCl CLET G8¥PT 8L'GT 9G SAY

TOC'0 G8T'0 69T°0 €ST0 LETO OCT'0 ¥YOT'0O 0600 O06°L TO6 LTOT 9€7TT ¥SCT OLET T8VT vL'GT 6'G c

G¢C'0 S0C'0 G8T0 S9T'0 G¥T'0 SGCT'0 9010 8800 6¥'L 698 G66 €CTT 0SCT €L€T 88Vl I8ST 'S T 090~ 17

IST'0 SYT'0 €€T°0 0210 80T°0 9600 €800 ¢L00 690T /87TT LOE€T 8TVT 9V'ST 09'9T 19/T 99817 6'G BAY

L9T°0 €ST'0 OFT'O 9CT'0 €TT0 6600 S800 €L00 CTEOT €GTT LLCT 00¥T TCGT LE9QT V¥’ LT €E€8T €9 c

8¥1°'0 LET'0 9CT'0 Y110 €0T'0 ¢600 1800 TLO'O SOTT TCCT 8EET 9G¥l TL'ST €897 68.T 6.8T 9G T 0¢CT-

TOT0 I8T0 TLTO LSTO CVTO0 LZT'0 CTITO0 8600 LE€. €¥'8 ¥56 690T 98TT TOET STV¥T CIT'ST 6'G BAY

GTC'0 6610 €8T0 997°0 0OSTO ¥ET'0 8IT0 €0T0 €C¢L VvEQ <96 ¥.L0T 86TT CCET cvvl 9t'ST €9 c

68T°0 S.T°0 19T0 8¥T'0 ¥YET'0 0OCT'0O 90T0 ¥600 0S. T98 LSG6 S90T ¥.LTT €8CIT 88El 8L YT 9G T 090~ 0T

G9T'0 OST'0 9€T'0 TCT0 LOTO0 €600 6,00 9900 60+T CL'ST 8€.T CO6T T90C OT'CC GV'ET €GVC TV SaY

99T'0 CST'0 8ET0 ¥C1'0 OTTO 960°0 €800 0L0°0 S8ET 9¥'ST OT'LT ¥.L'8T €£€0C ¥87TC GT'€C 6EVvC L€ c

€9T°0 6¥YT°0 ¥ET'0 6110 ¥OT'0O 0600 SGL0°0 C90'0 CEVT 66'GT 99°LT TE6T 68°0C SGE€CC 99'€C L9VC 9V T 0CT-

LLT'0 TOT0 LYT'0O TET'O LTTO COT'0 1800 ¥.00 ¢v'6 8S0T 9LTT ¥6CT TTVT TTCST 929T TT'LT TV 8AY

¥9T°0 0GT'0 9€T'0 ¢CT'0 80T0 +¥60°'0 0800 L90'0 €0°0T LT'TT €€CT 8Y'€ET 09vT L9GT 9997 L¥v'LT L€ c

06T°0 ¥.T'0 85170 ¢vT'0 9CT'0 OTT0O G600 0800 088 866 ST'TT Ov'Cl T9ET LL VYT G8GT GL9T 9V T 090 6

S096 SO8F SOFCc SOCT S09 SO€ SgGI S8 S096 SO87 SOPC SOCT S09 SO0E SgGI s8 (%) dey dwal -ON
awli] s8] pue (anjea-w) ado|s awli| 1s8] pue (edH) sseupns eA 1881 XIN

"ZT 0} 6 SINIXIW IO} B1EP 1S8) ¥EQ "LV dIgeL



68

ERDC/GSL TR-12-3

9020 88T'0 0.T'0 TST'O0 YETO0 STTO0 1600 1800 <TOL +08 606 9T'0T OCTTT 0C2CT €IT'ET I8€T OV Baw

8810 C.T'0 SST'0 6€T'0 ¢CT0 SO0T'0 6800 ¥.0'0 €9°L VS8 996 69017 6911 vSCl TveEl TTV¥T OV 14

¥¢C'0 ¥0C0 S8T0 G910 SFT0 SCT'0 90T0 8800 0S89 +S'L <¢C98 <CL6 T80T 98TT ¥8CT €9€lT 6°¢ T 0¢CT-

6EE'0 60€0 0820 TSTO 2TTO ¢CBT0 €9T0 LET'0O TSE 6E¥ 8€S GV9 6SL 9.8 T6'6 880T OV 8AY

LT€0 68C°0 19C°0 €€C°0 S0CO0 LLTO OST0 ¥#¥C¢T'0O <COVv 96 009 <CT'L 6Z8 Lv6e T90T 99TT OV 14

TOE'0 0€€0 66C°0 69C0 8€C0 80C'0 LLTO 6VT'0 00E <¢8E€E GL¥Y 8.9 069 G0O8 0C6 0CO0T 6°¢ T 090~ 97

TET0 2IZO0 T6T'0 TLT'O0 OST'O OST'0 60T0 TEO0 9TL 8V'8 GL'6 90TT LETCT €9€T I8VT LLGT GV 8AY

TCC'0 ¢0C0 €870 ¥9T'0 S¥PT'0O 9CT'0 LOT'O 0600 969 908 <CC'6 OVOT LSTT TLCI 8LET 99V¢VT GV 4

Y¥C'0 ¢cc’0 00C0 8.T0 9ST0 ¥E€ET'0 TTTO TEO'0 99°L 688 6C0T €LTT 9T'ET GGVl ¥8'GT 889T GtV T O¢CT-

V€0 9TE0 G820 SSC0 ¥2T0 ¥6T0 €910 GET0 28¢ CSE ¢Ce€v 6T'S TT'9 +vOL G6L ¢2L8 GtV 8w

99€'0 €€€0 00E€'0 89C'0 GECO COC0 69T0 6ET0 OT'C 99C 0g€e O00OF Vv.Vv 6vS €29 ¥89 Gt 4

LCE0 66C°0 TLCO CcvCc'0 ¥TC0 98T°0 LSTO CETO €9E 8EY P¥ES 8E9 L¥. 8398 196 690T Gt T 090 GT

8220 L0Z0 98T'0 S9T'0 ¥¥T'0 TZT'0 TOT'0 TS8O0 G99 V.. 688 900T 2CZTT €€CI ¥EET STVT vv Bav

€TC0 G610 LLTO 6ST'0 ¢cvT'0 #CT°'0 90T'0 0600 8EL 0S8 L96 L80T 90CT CCET CEVT ¥CST Gt 4

€¥C’0 61C0 ¥6T°0 0L1'0 S¥T'0 TCT'0 9600 ¥.00 716G 869 TI'8 GC'6 8€0T e€¥'TT LECT LOET VvV T 0¢CT-

TOE'0 9120 TSZO 9220 TOZO 9.T0 TSTO 62T0 <CCZ¥ GIT'S 89 6C. G¥8 €96 6.0T 8LTT ¥ Bav

66C°0 ¥.C'0 08¢0 S¢Cc'0 0020 SLTO TSTO 8CTO Gt 8T'S ¢C9 €g€L 678 896 ¥80T ¥8TT GtV 14

€0€'0 LlC'0 CSC0 LccO ¢cOcO LLT'O ¢S10 6¢T0 61T <¢I'S S1T'9 G¢'L 1¥8 896 €L0T CLTT VvV T 090 V1

922’0 L0T0 88T'0 69T'0 OGTO OETO ITTO ¥600 909 +0. 808 +T6 OCTOT ¥CTT 2TTT €0€T OV BAa

9¢c’'0 9020 L8T0 8910 6F¥T°0 0LT'0 TTTO €600 9F9 TS.L T98 V¥.6 83801 66TT €0ET 68ET €V 4

,2C°0 80C°0 88T0 69T°'0 0ST0 TET0O CIT0 ¥600 L9G 859 ¥S.L €98 €96 0507 TvTT LTCT L€ T 0¢CT-

062’0 8920 S¥C'0 €2T0 00C0 LLT'0 SSTO VET'0 TE'E LV 996G 999 <¢LL 088 886 ¢80T OV 8AY

90€'0 ¢8C'0 LSC'0 CeT’0 80C0O €8T°0 8ST0 9€T'0 €TY 90S 019 ¢¢L T¥8 +96 G801 06TT €t 4

¥.C'0 ¥GC0 €€C¢0 €1C0 ¢6T0 CLT'0 TST0 CET0 69€ <cvv €29 019 <C0.L 96.L 068 €L6 L€ T 090 €T

S096 sO087 SOFVC SOCT S09 SOE SGI S8 S096 SO08F SO¥C SOCT S09 SOE SST s8 (%) doy dwal "ON
awil] 1s9] pue (anjeA-w) ado|S awl| 1s8] pue (edbv) ssauuns eA 1s91 XIN

"9T 01 €T S2INIXiW 0} e1ep 153} ¥gd "8V d|qeL



69

ERDC/GSL TR-12-3

€.T°0 6ST0 ¥¥T°0 OET'0 9TT0 TOTO 1800 ¥.00 196 L90T S8TT €0€CT 6T¥T 6CGT CE€9T 9T.T €V SAY

€9T°0 6¥T°0 YET'0 0CT0 SOT'0 T600 9.00 €900 ¥TOT OCTT Lv'Cl €9€T €LVT LLGT TLO9T Sv'LT €V 14

€8T°0 6910 ¥ST°'0 OFT'0 9CT'0 CI1T0 8600 G800 888 €001 CCTT ¥vr'cl ¥9€Tl 18V¥IT €6'GT L89T E£¥ T 0¢CT-

6GC'0 9€2°0 €TTO 06T'0 L9T0 SYTO TCTO TOTO 809 TT.L TF8 896 G6'0T 6ICT 9S€T TEVT €T SAY

¢9C’0 6£C’0 L1C0 G610 CLTO 0OST'0 8T0O LOTO T9G G99 L9/, ¥88 €001 ICTT veECl 8CET €VF 4

9GC'0 €€C°0 60C0 98T0 €9T°0 6ET0 9TT'0 G600 V99 .L8L LT'6 CSO0T L8TT LT'ET 8EVT GEST €V T 090 Oc¢

€9T°0 6¥T°0 9€1'0 €2T'0 OIT0 L6010 €800 T/00 G6'9 T.LL 8V8 GT6 000T €L0T IVTT L6TT TV 8aY

TST'0 6€T0 8CT'0 9TT'0 SOT'0 €600 ¢8O0 CLO0'0 €€6 0€0T 6CTT 8CClT SC€T 61%¥l 80GT ¢8ST OV 4

G.T°0 09T°0 S¥1'0 OET0 STTO O0T'0 S800 TLO0O0 LSVv T1T'S L9G ¢CC9 9L9 LTL V.. €18 <CV T 0¢CT-

6€C°0 0220 TOZO €8T'0 ¥9T°0 SYT'0 92T0 60T'0 G.'S ¥.9 08, 7168 ¥YOOT ST'TT 62CF GZET T'¥ BAY

0cc’'0 t0T'0 8810 CLT'0O 9ST°'0 OYT'0O ¥CT'0 60T0 TO9 969 86L V06 ¥YT'OT ¥CTT €€CT 6CECET OV 14

8GC'0 9€C’0 G1C’0 €6T0 C¢L1T'0 0810 6CT0 60T'0 6¥S 199 19.L LL'8 G6'6 €111 9C¢Cl ICET <C¥ T 090 67

T8T'0 /9T'0 ¥STO OF¥T'0O 92T'0 €ITO 6600 9800 6.8 T6'6 80TT LlZTT SVET TOVT €1°ST L99T OV SAY

6.T°0 ¥917°0 6¥1°0 ¥YET'0 0OCT0O SOT'0 0600 LL00 G¥8 096 8S0T L9TT v.CT 9L€T CLVvl TSST OV 4

€8T°0 TLT'0 8ST0 SGPT0O €E€T'0 OCT'0 LOTO 9600 €T6 €€0T 8GTT 98°CT LTVT 9¥'GT €L9T €8LT OV T 0¢CT-

922’0 6020 €610 L.T'0 09T0 ¥¥YT0 82CT0 €IT0 1SS Tv9 €. LE€E8 T¥6e 9v0T 6V TT 6€CT OV 8AY

€¢C°0 90C'0 6810 €.T0 99T'0 6£T°0 ¢TI0 LOTO <C9G ¢S99 8¥.L L¥8 6¥6 19017 0STT 9€¢CT OV 4

8CC'0 ¢1C0 L6100 T8T0 G910 6¥1°0 €€T0 6TT0 T¥S 0€9 9T.L 8T8 €£€6 OV0T LVIT CvCcl OF T 090 8T

6,70 29T'0 9¥T'0 6ZT'0 €TT'0 9600 6100 ¥90'0 968 L0'0T OCTT CETT OV'ET OV'¥YT TEST CO9T €€ "BAY

99T°0 €970 6€T0 9CT0 CTT'0 6600 G800 €.00 T€6 6€0T 0GTT 09CT 69€T €LYl 0LGT 0991 €€ 4

T6T°0 TLT0 CST0 CET0O €170 €600 ¥.0°0 9500 7198 9.6 1607 ¥0Ccl TTET 8O0Vl cC6Vvl ¥S'ST V'€ T J0¢CT-

9Z2'0 8020 O06T0 TLT'0 €570 SET'0 9TT'0 O0TO0 [LE. GG8 086 OTTT T¥eT TLET G6F¥T 66'GT €€ BAY

¢CC’'0 €0C’0 9810 9910 8YT0 610 TITO ¥600 €T'8 O0OF6 €L0T T1TCT 6V'ET ¥8V¥T €197 0CLT €€ 14

TECO €120 G610 9.T0 8ST'0 OVT'0O CCT'0O SOT'0 7T99 T.LL /88 600T €€TT LSCT LLET 6LV V'€ T 090 LT

S096 SO8y SOvVC SOCT S09 SO0E SGI S8 S096 SO08y SOWC SOCT S09 sSO0E€ SGI sg8 (%) doy dws] ‘ON
awil] 1s9] pue (anjeA-w) ado|s awi| 1s9] pue (edn) sseuyuns eA 1891 XIA

'0C 01 LT saimxiw 10} e1ep 1591 Y99 "6V 2lqel



70

ERDC/GSL TR-12-3

TGT'0 8E€T'0 GCT'0 CTT'0 8600 S80°0 ¢.0'0 090°0 6STT ¢8¢CT VOVT ¥TST 6€9T L¥'IT G¥'8T €C6T TV "SAY

¥¥7T°0 TET0 6TT0 LOTO S60°0 ¢800 0L00 6S0°0 €8TT COECT OCtvl 9€'GT 8V 9T CS'LT L¥'8T €C61 OV 14

6ST°0 S¥YT'0 0ET0 9TT'0 ¢O0T'0 8800 ¥.0°0 1900 9€TT C9CT 88'E€l TT'ST 0£9T C¥V'.T C¥V'8T CC61T E£F T 0¢CT-

GOT'0 TST'0 6€£T'0 9CT'0 €TT'0 O0T'0 880°0 9/00 GE€'8 TE6 8CTOT LTTT ¥2CT 6T'ET 80V%T €8VT TV "SAY

¥.7°0 09T°0 9%¥T0 €€T0 61170 SOT'0 C¢600 6.00 LOL €6L €88 <CL'6 C90T 8¥TT 0€Cl 66CT OV 4

GST'0 €¥YT'0 T€ET'0 0CT'0O 80T'0 9600 ¥80'0 €00 ¥96 8901 ¥.'TT T8CT L8ET 06F%T L8GT 8991 €V T 090 V¢

6€T°0 6210 8TT'0 LOT'0 1600 980°0 S.0°0 9900 61'0T ST'TT LTCT 9T'€ST TIT¥I €0'GT 68'ST T99T 8€ 8AY

9€T'0 SCT'0 Y110 ¥OT'0 €60°0 ¢80'0 CLO0 ¢90°0 T€CT 8Y'El 99vT 18ST ¥6'9T T08T 0061 C86T 9€ 4

€YT'0 CET'0 ¢C1'0 TTT0 00T0 0600 6.00 6900 LOB8 888 696 0S0T 0STT 90CIT 6LCI 6£€T OV T 0¢CT-

€8T°0 0LT0 9ST'0 €YT'0 6210 9TT'0 2OT0 0600 CIT'L 208 968 T66 880T ¥8TT 9.CI 99E€ET 8¢ BAY

T0C0 L8T0 Cl.T0 LSTO C¢v1'0 810 €TT0 0O0T0O 006G GL9 V9L 968 1TS6 SVOT LETT 81CT 9¢€ 14

G9T°'0 €S7°0 T¥1'0 8210 9TT0 ¥0T'0 7600 0800 V¥E€E8 6C6 LCOT LCTT 9CCl €TET 9TVl ¥6¥T OV T 090 ¢€c¢

GGT'0 ZVT'0 6210 9TT'0 ¥0T'0 T600 8100 9900 8T'6 LT0T 9T'TT ST'CT ITET COVT 98FT SG'GT 8€ BAY

99T°0 CST'0 8ET0 ¥CT'0 OTT'0 9600 TB80'0 6900 968 000T SO'TT OT'CT CT'ET 60VI 66YT CL'ST 8¢ 4

Y¥T°0 CET'0 TCT'0 60T0 L60'0 S800 €£€.00 €900 T¥6 vE€0T 8CTT 0CCT OT'ET GB6ET €LYl 8E'ST 8¢ T 0¢CT-

€.T7°0 6ST°0 G¥T'0 TET'0 9TT0 2OT'0 8800 G000 8€9 /LI'L 86.L. 6.8 096 LEO0T OTTT OLTT 8€ 8aY

69T°0 9ST'0 ¢¥1'0 610 STTO TOT'0O 8800 G.00 G689 ¢€€L ¥I'8 G6'8 GL6 1901 ¥CTT ¥8TT 8¢ 4

9/T°0 ¢C9T'0 L¥T0 CET0O 8TT°'0 €010 6800 SL00 TC9 00.L 1I8.L €98 P¥¥re6e €C0T 96017 95TT 8¢ T 090 <¢¢

LET'0 9210 STT'O ¥OT'0 €60°0 C80°0 0L0'0 0900 L¥'CT 99'°€T 98+VT V09T 8T'LT 92'8T GC'6T LO0'0C 8€ ‘S

O¥T'0 8CT'0 9TT'0 SOT'0 €60°0 T8O'0 6900 8500 €CCl cv'el T9VT 8L'ST 069T G6°.T 0681 L1961 8¢ 4

GET'0 ¥C1'0 Y110 €0T'0 €60°0 ¢80'0 CL00 ¢90°0 TLCT 16'€T TT'ST 0€9T 9¥'LT LS9'8T 0961 9¥'0C 8¢ T 0¢CT-

GGT'0 €YT'0 TET0 6TT'0 LOT'0 S60°0 €800 TL00 806 L00T LOTT 80°CT 90°€ET TOVT T6¥T 99°GT 8€ SAY

9€T'0 9¢T'0 LTT'0 LOT'O 8600 8300 6.00 0L0°'0 €¢6 T11T0T 00TT 687TT LLCT €9€T S¥'vT ¥vI'GT 8¢ 14

€.T°0 6S1T°0 SYT'0 OET0 9TT0O TOT'0 L8000 ¥.00 €68 CO0T ¥T'TT 9CCT GEET Ov'vl LESGT LT9T 8¢ T 090 T¢

S096 SO8y SOvVC SOCT S09 SO0E SGI S8 S096 SO08y SOWC SOCT S09 sSO0E€ SGI sg8 (%) doy dws] ‘ON
awil] 1s9] pue (anjeA-w) ado|s awi| 1s9] pue (edn) sseuyuns eA 1891 XIA

"¢ 01 TC S9INXIW 10} B1ep 1831 449 "0TV dlgel



ERDC/GSL TR-12-3

71

Table A11. Moisture-damage test data for mixtures 1 to 12.

Mix Temperatures Dry Set Avg. Conditioned Set Avg. | tgRr
No. Mixing (C) | Compaction (C) | Va (%) S: (kPa) Va (%) S: (kPa) (%)
165 146 6.8 1698 6.8 1252 0.74
2 165 146 6.8 2093 6.9 2125 1.02
146 132 6.4 2010 6.4 1813 0.90
130 116 6.4 1782 6.4 1530 0.86
3 165 146 6.9 2218 7.0 2232 1.01
146 132 7.0 1812 71 1477 0.82
130 116 7.4 1840 7.4 1259 0.68
4 165 146 6.9 2052 7.0 1933 0.94
146 132 6.9 1830 7.0 1578 0.86
130 116 6.6 1808 6.6 1645 0.91
165 146 6.4 3180 6.3 3473 1.09
165 146 6.5 3617 6.4 3512 0.97
146 132 6.8 2963 6.8 2418 0.82
130 116 6.6 1738 6.5 1790 1.03
7 165 146 6.4 3715 6.4 3398 0.91
146 132 6.9 3065 6.9 2735 0.89
130 116 6.7 2163 6.8 2438 143
8 165 146 7.0 3480 7.0 3178 0.91
146 132 7.1 3202 71 2663 0.83
130 116 6.5 3180 6.6 2860 0.90
9 165 146 6.6 3642 6.6 3660 1.01
10 165 146 6.7 4167 6.7 3598 0.86
146 132 6.1 4375 6.1 3883 0.89
130 116 6.9 1640 6.9 1600 0.98
11 165 146 6.1 4675 6.1 4463 0.95
146 132 7.1 4307 71 3772 0.88
130 116 6.4 1790 6.4 2035 1.14
12 165 146 7.3 4540 7.3 3968 0.87
146 132 7.3 4147 7.4 3213 0.77
130 116 6.5 3878 6.7 4112 1.06
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Table A12. Moisture-damage test data for mixtures 13 to 24.

Mix Temperatures Dry Set Avg. Conditioned Set Avg. | tgRr
No. Mixing (C) | Compaction (C) | Va (%) S: (kPa) Va (%) S: (kPa) (%)
13 165 146 7.5 1953 7.4 1867 0.96
14 165 146 6.7 2208 6.7 1960 0.89
146 132 6.8 2168 6.8 1448 0.67
130 116 6.9 1882 71 1613 0.86
15 165 146 7.0 2082 6.9 1858 0.89
146 132 71 2057 7.0 1382 0.67
130 116 7.4 1862 7.4 1625 0.87
16 165 146 7.6 2013 7.5 1592 0.79
146 132 6.3 1890 6.3 1080 0.57
130 116 6.8 1922 6.7 883 0.46
17 165 146 7.7 3058 7.4 3263 1.07
18 165 146 71 3272 71 3153 0.96
146 132 6.6 3205 6.5 2943 0.92
130 116 6.7 3218 6.7 2535 0.79
19 165 146 6.6 3618 6.4 3245 0.90
146 132 6.8 3460 6.7 2955 0.85
130 116 6.9 2247 6.9 1460 0.65
20 165 146 7.0 3763 6.9 3253 0.86
146 132 6.8 3487 6.8 2478 0.71
130 116 7.8 2925 7.8 1942 0.66
21 165 146 7.2 3942 7.2 3986 1.01
22 165 146 7.0 3633 6.9 3478 0.96
146 132 6.7 4120 6.7 3550 0.86
130 116 6.1 2413 6.1 2397 0.99
23 165 146 6.2 3698 6.2 3795 1.03
146 132 6.8 4360 6.8 3878 0.89
130 116 6.3 4402 6.3 3777 0.86
24 165 146 6.7 4388 6.8 3958 0.90
146 132 6.3 4372 6.3 3318 0.76
130 116 7.2 3950 7.3 3063 0.78
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Figure Al. Workability test data for mixtures 1 to 4.
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Figure A2. Workability test data for mixtures 5 to 8.
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Figure A3. Workability test data for mixtures 9 to 12.
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Table A13. Regressions of workability data for mixtures 1 to 12.

Mix Regression Data
No. Rep a b c R2
1 1 9.03 14179 0.0594 0.89
2 8.14 3724 0.0486 0.92
2 1 8.28 24996 0.0684 0.90
2 9.55 246081 0.0882 0.80
3 1 8.91 3716 0.0540 0.89
2 9.86 13968 0.0666 0.85
4 1 8.15 3657 0.0504 0.87
2 5.56 1137 0.0396 0.90
5 1 9.10 269 0.0162 0.88
2 10.66 17903 0.0594 0.77
6 1 5.29 1642 0.0378 0.87
2 1.39 762 0.0270 0.88
7 1 5.32 1748 0.0360 0.84
2 214 1136 0.0306 0.88
8 1 0 533 0.0252 0.86
2 0 695 0.0270 0.88
9 1 0 143 0.0133 0.80
2 0 517 0.0221 0.90
10 1 0 679 0.0270 0.81
2 0 337 0.0216 0.75
11 1 0 334 0.0216 0.75
2 0 453 0.0234 0.81
12 1 0 436 0.0234 0.81
2 0 477 0.0232 0.78
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